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ABSTRACT 
 
Concrete is the most widely used construction material in the world for buildings, 
bridges and many underwater structures such as dams, weirs, water channels and 
culverts. About 3.3 billion tonnes of concrete was produced in the world in 2010 and 
some of this will either be submerged in water or be in contact with ground water or 
exposed to frequent rainfall. The effect of water on concrete is well documented and 
it is known that exposure of concrete to water aids in the curing of concrete which 
enhances the strength. However, there has been very little work done on the effect of 
leaching of alkali from concrete in to water which can cause environmental pollution. 
After a recent construction of culverts, a road authority in Australia observed that the 
pH of water had increased causing adverse effects on wildlife. Work presented in this 
thesis therefore was aimed at understanding the leaching of alkali from concrete in 
contact with waterways and also understanding what would be an effective barrier to 
minimise the pollution of water. 
 
Preliminary experiments conducted on stagnant water indicated that the pH of water 
can rise to values as high as 11.5 after exposure of concrete to water. A literature 
review showed that though there had been some experiments using a supply of 
recycled water and more using stagnant water, there had been little to no research 
on the effects of concrete on a constant supply of flowing water. Eight major 
variables were identified as contributing to the pH change in water when in contact 
with concrete and five were short listed for the experimental study.  
 
In order to optimise the laboratory work, the theory of Design of Experiments (DOE) 
was adopted to plan a series of experiments and analyse the effect of major 
variables. Five parameters: surface area to volume ratio of concrete, flow rate, the 
exposure to air, presence of pozzolanic additives in concrete and the age of concrete 
at exposure were varied in the investigation. Custom-designed testing equipment 
was built in the laboratory for observing the change in pH of flowing water when 
exposed to freshly cast concrete at various ages. Thirty four experiments were 
conducted using the testing apparatus and the results were analysed. 
 
(iv) 
Experimental results indicated that the change of pH of water vs time follows a 
parabolic curve with peak pH being reached within 20 to 180 minutes from exposure 
depending on the variables selected. Major variables affecting peak pH were 
identified as the surface area to volume ratio of concrete and the flow rate. The major 
variable affecting the time to reach peak pH from initial exposure was observed to be 
the flow rate. Two models were derived using the theory of Design of Experiments 
(DOE) to predict the peak pH and the time to reach peak. Whilst the relationship for 
peak pH had a poor correlation with the results of the validation tests, the relationship 
for time to reach peak pH appeared to be sound. Poor correlation of the peak pH, 
flow rate and surface area to volume ratio relationship was attributed to the fact that 
the major variable appears to be the total surface area of the specimen and not the 
surface area to volume ratio as initially hypothesised. 
 
Experiments conducted on a number of potential barriers identified that a water 
borne acrylic based emulsion was most effective in reducing the leaching of alkali 
from concrete. However, it has been concluded that this barrier requires further 
investigation since it appears to contain ammonia which in itself is harmful to wildlife. 
(v) 
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1. INTRODUCTION 
1.1. Concrete 
Concrete is a composite material in which coarse and fine aggregate are bound with 
cement paste (Neville, 1996). Good durability and low cost has made it a very 
popular construction material making it the most widely used construction material in 
the world. There is about 3.3 billion tonnes of cement produced in 2010 up from 1.37 
billion tonnes in the year 1994. (U.S.G.S., 2011) It is often the material of choice for 
structures located in water due to well known resistance to water (Neville, 1996).  
 
Concrete is primarily made up of cement, aggregate and water, different proportions 
of the three will produce concrete of different strengths. Sometimes cement 
replacement materials such as pozzolanic fly ash or blast furnace slag is used to 
produce blended cements. Admixtures can also be used to change the properties of 
concrete, such as the workability and curing time. 
 
1.2. Pollution of water from freshly cast concrete 
The release of calcium hydroxide from hydrating cement paste can be problematic 
when a large body of concrete is submerged in a relatively small body of water. 
While this is good for the concrete due to the beneficial effect of water on the 
hydration reaction, the hydroxide ions can be leached out through the pores, thus 
raising the pH of the water around the concrete (Gaitero et al., 2008). This happens 
with land structures as well when rain falls on it the first time and the washout flows 
into a waterway, but this is less of a problem compared to direct submersion 
(Schiopu et al., 2009). 
 
Raising the pH of water adversely affects aquatic wildlife, causing death, damage to 
outer surface like gills, eyes and skin and an inability to dispose of metabolic wastes. 
Another problem with having higher pH in water is that the toxicity of ammonia which 
is significantly more severe at a pH 8 than at 7 is directly toxic to aquatic life when in 
alkaline conditions. (Lenntech, 2009) 
 
(2) 
The effects of water on concrete have been well documented over the previous 
years within the concrete industry (Mehta, 2006). However little research has been 
performed on the effects of water contamination caused by freshly cast concrete on 
water and no standard tests have been produced for larger blocks in a flowing body 
of water. 
 
Recently, a road authority observed that works performed to build concrete culverts 
initiated a change in the surrounding environment. Tests showed that the pH of the 
environment had risen too significantly above 7. Some dead fish and eels were 
found downstream from the construction works. A preliminary study of exposure of 
freshly cast concrete specimens in stagnant water indicated that pH of water in the 
early days can increase up to 11.5 (Setunge et al, 2009). The work presented here 
was planned to further understand the leaching process, develop a test simulating 
the typical exposure conditions of concrete structures located in water, and conduct 
a detailed experimental study to identify the influencing parameters in detail. The 
study also includes examining potential barriers which has the ability to reduce the 
leaching of alkali from concrete. 
 
1.3. Aims 
The major aims of this investigation were to develop new knowledge on the leaching 
process of alkaline material from concrete into waterways and potential ways to 
reduce the rate of leaching. This required research into the pH change of water 
when concrete is immersed into it and the effects of various barriers and coatings on 
the process. 
 
1.3.1. Objectives 
 To develop an experimental rig and a process for determining the pH change 
in water when concrete is exposed to flowing water. 
 
(3) 
 To develop an understanding of the effect of some basic variables (Area to 
volume ratio of concrete, flow rate of water, air or nitrogen, percent 
composition of fly ash and time before exposure) on the pH change. 
 
 To develop a model to predict the pH gain when blocks of concrete are placed 
in bodies of water. 
 
 To determine if there are any viable barriers that would reduce the pH gain. 
 
1.3.2. Scope 
The scope of the work included understanding the leaching process in concrete 
when exposed to water, developing an experimental program to cover the 
influencing variables, developing a testing rig, conducting a comprehensive 
experimental program and then developing a model which can predict the change in 
pH of water as a function of the parameters influencing leaching. An experimental 
design was developed using partial factorial design to investigate the effects of the 
chosen material and process variables. The material variables were the amount of 
fly ash mixed in with the concrete and the size of the block. The process variables 
were flow rate, whether nitrogen was used to remove carbon dioxide and the time 
before the concrete is exposed to water. The research was also extended to 
determine if there were any barriers that may be used to reduce the pH gain. In 
achieving this, a number of curing compounds were sourced and used on the 
concrete to determine their effectiveness in preventing leaching. 
 
1.3.3. Potential benefits 
Potential benefits of the research is that a person or company would be able to 
roughly estimate what pH the water would gain if a block of concrete is placed in 
water under certain conditions. Methods of reducing the pH gain would assist in 
limiting the pH levels from rising to levels that are harmful to aquatic wildlife. 
 
(4) 
1.4. Outline of the thesis 
1.4.1. Chapter 1: Introduction 
Chapter 1 introduces the topic of this research, rationale background, aims and 
objectives of this investigation. It also outlines the organisation of this thesis, giving a 
brief introduction to each chapter. 
 
1.4.2. Chapter 2: Review of Prior Literature 
Chapter 2 reviews the literature of the prior research performed on the leaching of 
materials from concrete, to understand experimental procedure and the major 
variables. 
 
1.4.3. Chapter 3: Experimental Program 
Due to the significant number of variables influencing leaching rationalising of the 
experiments was required. Therefore the theory of experimental design was used in 
planning the research. 
Chapter 3 will outline the experimental design; this includes the equipment design 
and the design of experiments used. 
 
1.4.4. Chapter 4: Leaching, Results and Modelling 
Chapter 4 will present and analyse the results of the leaching tests, including 
comparison of the influence of variables, typical trends observed with time and major 
parameters defining a pH time curve. Present the significant parameters affecting 
the process and produce a model for the leaching of alkaline material from concrete 
into waterways. The models will predict the peak pH and the time from initial 
exposure to peak pH. 
 
1.4.5. Chapter 5: Barriers and Their Effectiveness 
Chapter 5 will present and analyse the results of the testing on barriers, typical 
trends will be discussed. 
(5) 
 
1.4.6. Chapter 6: Conclusions and Recommendations 
Chapter 6 summarises the general conclusions of the work in the thesis. Further it 
illustrates recommendations for future work in the area of the research. 
 
(6) 
2. REVIEW OF PRIOR LITERATURE 
Chapter 2 will review the research that has been done on the leaching of material 
from concrete, whether it is covering the leaching depth, analysis of leaching water 
or modelling the leaching behaviour. The objective of the review is to understand the 
leaching process, parameters affecting leaching process, typical experimental 
procedures used to explore the leaching process and modeling approaches. The 
findings of the review will assist in planning of the research project. 
 
2.1. Concrete, the material 
2.1.1. Cement 
Table 2-1 shows the composition of cement and equations 2-1 and 2-2 show the 
reactions that make up the majority of the process of hydrolysing cement into 
concrete. 
Table 2-1: composition of cement 
Cement Compound Weight Percentage Chemical Formula 
Tricalcium silicate 50 % Ca
3
SiO
5
 or 3CaO
.
SiO
2
 
Dicalcium silicate 25 % Ca
2
SiO
4
 or 2CaO
.
SiO
2
 
Tricalcium aluminate 10 % 
Ca
3
Al
2
O
6
 or 3CaO
 
.
Al
2
O
3
 
Tetracalcium aluminoferrite 10 % 
Ca
4
Al
2
Fe
2
O
10
 or 
4CaO
.
Al
2
O
3
.
Fe
2
O
3
 
Gypsum 5 % CaSO
4
.
2H
2
O 
 
Equation: reaction between tricalcium silicate and water 
Tricalcium silicate + Water--->Calcium silicate hydrate + Calcium hydroxide + heat.....(2-1a) 
 
2 Ca3SiO5 + 7 H2O ---> 3 CaO.2SiO2.4H2O + 3 Ca(OH)2 + 173.6kJ..........(2-1b) 
 
Dicalcium silicate + Water--->Calcium silicate hydrate + Calcium hydroxide + heat........(2-2a) 
 
2 Ca2SiO4 + 5 H2O---> 3 CaO.2SiO2.4H2O + Ca(OH)2 + 58.6 kJ..................... (2-2b) 
(7) 
 
2.1.2. Blended concretes 
Blended cements consist of two or more inorganic constituents which contribute to 
the strength-gaining properties of the cement, with or without other constituents, 
processing additions and functional additions.  The cementitious nature of materials 
in blended cements can be found in Table 2-2 
 
Table 2-2: Cementitious nature of materials in blended cements 
Material Cementitious nature 
Portland cement clinker Fully cementitious (hydraulic) 
Ground granulated blastfurnace slag 
(ggbs) 
Latent hydraulic, sometimes hydraulic 
Natural pozzolana (Class N) Latent hydraulic with portland cement 
Siliceous fly ash (pfa) (Class F) Latent hydraulic with portland cement 
High-lime fly ash (Class C) Latent hydraulic with portland cement but 
also slightly hydraulic 
Silica fume Latent hydraulic with portland cement but 
largely physical in action 
Calcareous filler Physical in action but with slight latent 
hydraulic action with portland cement 
Other fillers Chemically inert; only physical in action 
 
2.1.2.1. Fly Ash 
In recent years, fly ash has been used in concrete up to 20% replacement of 
cement. Fly ash improves concrete properties as well as assists in reducing the 
environmental impact by reducing the amount of cement needed for a given strength 
of concrete. Coal is not purely carbon as such when it is burned in power stations 
the volatile matter and carbon are burnt off, whereas the mineral impurities are 
carried away in the flue gas as ash. The ash is fused together in the combustion 
zone of the furnace, and when it leaves the furnace it cools rapidly and solidifies as 
spherical glassy particles. Some of the particles agglomerates forming bottom ash, 
but most flies away in the flue gas, hence the name fly ash.  
(8) 
 
The reactivity of fly ash is dependent on the calcium content, low calcium fly ashes 
typically contain the crystalline materials: 
 
 quartz 
 mullite (3Al2O3.2SiO2) 
 sillimanite (Al2O3.SiO2) 
 hematite 
 and magnetite 
 
These minerals do not possess any pozzolanic property. (Malhotra and Mehta, 
2008) 
 
While high calcium fly ashes contain: 
 
 quartz 
 tricalcium aluminate (3CaO.Al2O3) 
 calcium aluminosulphate (4CaO.3Al2O3.SO3) 
 anhydrite (CaSO4) 
 free CaO 
 Periclase (free MgO) 
 and alkali sulphates 
 
Except for quartz and pariclase all of the minerals react easily with water. Which is 
why high calcium fly ashes are more reactive, exhibiting both cementitious and 
pozzolanic properties. (Malhotra and Mehta, 2008) 
 
PFA reacts through a pozzolanic reaction, where silica in the pozzolan reacts with 
calcium hydroxide to produce concrete. (Dunstan, 2011) 
 
3Ca(OH)2 + 2SiO2   3CaO-2SiO2-3H2O……………………….(2-3) 
 
Table 2-3 shows a typical composition of fly ash in Australia. 
(9) 
 
Table 2-3: Composition of typical fly ashs Kosmatka ea al. (2003), Malhotra and Mehta, (2008)  
Mineral SiO2 AL2O3 Fe2O3 CaO SO3 
Loss on 
Ignition 
% 
Na2O K2O 
Class C 
(% mass) 
35 18 6 21 4.1 0.5 5.8 0.7 
Class F 
(% mass) 
52 23 11 5 0.8 2.8 1.0 2.0 
Australia 59.2 23.4 4.1 2.8 0.2 1.7 0.84 2.2 
 
2.1.2.2. Ground Granulated Blast-Furnace Slag (GGBS) 
GGBS is used as a cement replacement material in amounts from 36% - 65% in 
Class III/A.  It reacts through a cementitious reaction like OPC cement but the rate of 
reaction is much slower as such it needs an activator, this would be the calcium 
hydroxide released when OPC reacts with water. 
Composition of typical GGBS can be found in  Table 2-4 
 
Table 2-4: composition of typical GGBS 
Mineral SiO2 AL2O3 Fe2O3 CaO SO3 
Loss on 
Ignition 
% 
Na2O K2O 
GGBS 35 12 1 40 9 1 0.3 0.4 
 
2.1.3. Aggregate 
Aggregate takes up approximately 65% of the volume of concrete and is made up of 
sand and crushed stone with particle sizes between one tenth of a millimetre to tens 
of millimetres. Aggregate is divided into two grades of coarse and fine aggregate. 
Coarse aggregate provides volume stability to concrete and also contribute to the 
stiffness or Young’s modulus of the hardened concrete (Neville, 1996). When 
aggregate is mixed with cementitious material it will be bonded into the concrete 
matrix. Aggregate can change the mechanical properties of the concrete it is in 
depending on the size and amount that is used. Aggregate is also cheaper than 
cement so it is also used as a filler so that less cement is used (Neville, 1996).  
 
(10) 
2.1.4. Water 
Water is necessary for the hydration of the cement, the water to cement ratio (water 
to binder ratio when using materials other than cement) affects the strength of 
concrete, porosity and the workability of the fresh concrete. 
The strength decreases when the water/cement ratio is increased, this is because it 
causes an increase in porosity, which in turn decreases strength. The porosity 
increases because there is more water than is needed to hydrate to completion, in 
the cement mix, this additional water creates pores or is trapped within the concrete 
gel. The workability increases because the interparticle lubrication increases when 
there is more water in the mix. 
 
2.1.5. Admixtures 
Admixtures are added to concrete during mixing and can impart considerable 
physical and economic benefits with respect to concrete. This includes the use of 
concrete under circumstances where previously there existed considerable or even 
insuperable difficulties (such as underwater concreting). The basic types of 
admixtures are listed below: 
 Type A- Water reducing; reduces the water content of the mix while retaining 
workability 
 Type B- Retarding; delays setting of the cement paste 
 Type C- Accelerating; accelerates early strength development 
 Type D- A combination of Type A and Type B 
 Type E- A combination of Type A and Type C 
 Type F- superplasticising; water reducing admixture that is significantly more 
so than Type A water reducing admixtures 
and 
 Type G- A combination of Type B and Type F 
 
2.2. Brief History of concrete 
The use of cementing materials is very old going back to the ancient Egyptians who 
uses calcined impure gypsum, and the Greeks and Romans used calcined limestone 
(11) 
and later learned to add lime and water, crushed stone and sand. This was the first 
concrete in history. During the middle ages concrete use saw a decline. This lasted 
until the 18th century when John Smeaton was commissioned to rebuild the 
Eddystone lighthouse. Portland cement  was patented in 1824 and was prepared by 
heating a mixture of finely-divided clay and hard limestone until the carbon dioxide 
was driven off, this was done at a temperature much lower than necessary for 
clinkering. The prototype modern cement was made in 1845 by Isaac Johnson, who 
burnt a mix of clay and chalk until clinkering, so that the reactions necessary for the 
formation of strongly cementitious compounds took place. (Neville A.M, 1996) 
Modern concrete is used in many structures on land and in water in locations where 
high compressive strength and durability are desired. Concrete use in water includes 
dams, piers, weirs, bridges, channels and culverts among other uses. 
 
2.3. Concrete construction process 
Concrete is formed when cement (which is made up of various calcium silicates 
aluminates and aluminoferrites) is mixed with water, aggregate and any desired 
admixtures. The process that occurs is a hydration reaction between the cement and 
water, and produces a concrete gel made up of calcium silicate hydrates and 
calcium hydroxide. 
 
Concrete construction is usually performed by making forms or moulds that the 
concrete is poured into. Sometimes the mould is setup on-site and concrete is 
poured directly into it, before being vibrated to reduce air retention and finished to 
how it is designed. Other times the mould is off-site and the concrete is poured and 
the completed parts transported to the site before being put together, this is precast 
concrete construction. 
 
Underwater concrete construction is a specialised industry. There are two ways that 
are usually used to place concrete underwater: 
 
 concrete is precast before being moved onsite once set so the cement isn't 
washed away by the currents 
(12) 
 a coffer dam is formed diverting water away from the construction site, 
creating a dry area where the construction can take place. 
 
The Braddock dam is an example of concrete construction that is formed elsewhere 
before being transported in. Two methods of constructing dams are shown below: 
 
 Figure 2-1 shows offsite construction before transportation to dam site 
 and Figure 2-2 shows construction using a coffer dam  
 
Figure 2-3 indicates that using a coffer dam has its risks as if the water level rises 
above the coffer dam then the construction site will be flooded. (Yao and Gerwick) 
 
(i)  (ii)  
Figure 2-1:Braddock dam (i) Fabrication site (ii) Segment 1 being towed into position 
 
 
Figure 2-2: conventional construction of a dam using a coffer dam 
 
(13) 
(i)  (ii)  
Figure 2-3: (i) creating a lock with using a coffer dam (ii) same site after coffer dam overflowed 
 
If actual underwater construction is required then the concrete needs to be of high 
workability concrete so that it fills in all the gaps as it cannot be vibrated, the forms in 
underwater concrete construction serves two purposes, providing the form and 
blocking the current so that the concrete isn't washed away. The concrete need a 
high workability because it is poured down a pipe called a tremie. If the workability 
isn't high enough then the concrete will not flow down the tremie. 
 
Figure 2-4: workability test for underwater construction 
 
(14) 
 
Figure 2-5: Diagram of a tremie 
2.4. Understanding the Leaching Process 
2.4.1. Leaching Process 
Leaching is a process that occurs when a solute is removed from a solid when it 
comes in contact with a liquid. When in contact the solute or leachable material can 
diffuse from the solid into the liquid, resulting in a separation of the components 
originally in the solid. This process is extensively used in the minerals processing 
industry, where the useful metals usually occur in mixtures with large amounts of 
undesirable constituents, leaching is used to remove the metals as soluble salts.  
 
In the leaching of soluble material from inside a particle the following general steps 
must occur: 
 
 Transfer of solvent from the bulk solution onto the surface of the solid 
(15) 
 The solvent must then penetrate or diffuse into the solid 
 The solute dissolves into the solvent 
 The solute then diffuses through the solid solvent mixture to the surface 
 Finally the solute is transferred to the bulk solution 
 
In the case of concrete the first three steps should already have occurred, unless the 
concrete pore water was deliberately dried out. The controlling resistance of the 
overall leaching process is the rate of diffusion of the solute through the solid and 
solvent to the surface. In porous solids where the solute and solvent are in the pores 
of the solid, the diffusion can be described by an effective diffusivity.(Geankoplis, 
2003) 
 
Figure 2-6 shows a basic leaching system where both the solid and the solvent are 
in continuous flow.  
 
 
 
 
 
 
 
 
 
Figure 2-6: Leaching process 
 
In the context of concrete this would be leaching of water from the pores of the 
concrete. For most of the metal ions being leached from concrete this would be 
relatively simple as there is only this single solid/liquid leaching process. But when 
considering leaching of alkali material from concrete, there would be some 
challenges since there is constant gas/liquid boundary transfer of carbon dioxide 
from air into the leachate which would affect the pH. This can be seen in Figure 2-7 
and affects the pH of the leachate compartment (Danckwerts, 1970). More 
information about the effects of carbon dioxide will be detailed below in section 2.2.3. 
 
Solids (concrete)  
Leachant (solvent) 
Contacting Separation 
Raffinate (concrete) 
Leachate (water + solute) 
(16) 
 
Figure 2-7: Leaching interactions for concrete (Schiopu et al., 2009) 
 
2.4.2. Leaching tests 
Leaching tests are performed to determine what substances are released from a 
material when exposed to a liquid medium that can carry away the substances 
(leachate) (Geankoplis, 2003). In the case of concrete, a monolithic leaching test 
may be used, an example of which is the Netherlands normalisation institutes NEN 
7375 Leaching characteristics of moulded or monolithic building & waste materials, 
"Determination of leaching of inorganic components with the diffusion test" (Schiopu 
et al., 2009). The test can be a stagnant bath, stagnant bath with periodic changes of 
leachant, a continuously renewed bath or a continuous spray that is run off for 
testing. 
 
No standard leaching tests have been produced for leaching of monolithic materials 
under flow conditions, some tests that have been used by prior researchers are 
(17) 
listed below but none of them would work for the conditions that are required for the 
research performed. 
 
Kamali et al (2008) used two protocols for testing concrete; the first was with 
continuously renewed water, in which a one litre container was stored in an oven, 
within which the specimen was exposed to nitrogenised water that was pumped 
through at a rate of 1 Litre/day. The second was an accelerated test using 
ammonium nitrate solution in a tank with zero flow. The composition of concrete 
used in these tests are typical CEM I, CEM II/A, CEM V/A and CEM III/A concretes 
and with w/b ratios and superplasticiser contents in Table 2-5 below. 
 
Table 2-5: composition of 12 specimens used by kamali et al (2008) 
Mixture 
no. 
Cement type 
Water-to-
cement ratio 
Superplasticiser-
to-cement ratio 
1 CEM I 0.5  
2 CEM I 0.4  
3 CEM I 0.25 0.3% 
4 CEM II/A 0.5  
5 CEM II/A 0.4  
6 CEM II/A 0.25 0.6% 
7 CEM III/A 0.5  
8 CEM III/A 0.4  
9 CEM III/A 0.25 0.7% 
10 CEM V/A 0.5  
11 CEM V/A 0.4  
12 CEM V/A 0.25 1% 
 
The specimens were cylinders 70mm by 140 mm that were stored for 3 months at 
100% relative humidity and 20oC, before being stored in lime saturated pure water. 
Just before leaching experiments, 20x20x30 mm prisms to be used in the first 
protocol and 30x20x30 mm prisms for the second protocol are sawn from the centre 
of the cylinders. 
 
This research found that the leached depth increases with, an increase in 
temperature, increase in water to binder ratio, and when the leachant is ammonium 
nitrate rather than water. It was also found that the leached depth decreases when 
mineral additions are used. This is looked into in depth in the relevant sections of the 
review below. 
(18) 
 
Schiopu et al (2009) used 5 leaching test methods, for all but the first test methods 
the specimen size were 16 x 13 x 4 cm blocks using a CEM I based concrete.  
First was a physio-chemical characterisation and equilibrium leaching test where 
samples of the concrete was crushed to a size greater than 1mm and immersed at a 
10 litre/kg liquid to solid ratio, at a contact time of 48 hours. The leachants contained 
trace amounts of acid (HNO3) in order to obtain different final pH values. 
 
Two tests were used to develop the model for dynamic conditions: 
 A Continuous monolithic leaching test where the sample was submerged in 
demineralised water throughout the test period, at a Leachant per Surface 
area ratio of 5 cm3/cm2 and a constant renewal rate of 0.52 cm3/cm2/h.  
 A multi batch test with sequential total renewal of leachant after a fixed period 
of time 
Lastly two tests were used for field exposure conditions to test the model: 
 a run-off scenario 
 a stagnation scenario 
 
Findings for pH from the continuous leaching test can be found in section 2.2.5, and 
Figure 2-8ii effect of time before exposure to water, and a chart validating the model, 
Figure 2-21. 
 
Van Der Sloot et al. (2006) used a tank leach test using cylindrical specimens with a 
11 cm diameter and 12 cm length. This was exposed to a closed tank with 
demineralised water as a leachant with a leachant to product colume ratio (L/V) of 5. 
The leachant was renewed after 8 hours and 1, 2.25, 4, 9, 16, 36 and 64 days. The 
pH, electrical conductivity (EC) and occasionally oxidation reduction potential (Eh) 
were measured in all eluates before filtration (0.45μm) and chemical analysis. (van 
der Sloot et al., 2007) 
 
Evans (2010) used a Tank containing 15 litres of water and cubes of various sizes. 
The pH was measured with a portable pH metre every 15 minutes for the first hour 
and then every 2-3 hours during the times the laboratory was open. Table 2-6 in 
(19) 
section 2.2.1 shows the cube geometries for Evans's research, and the findings are 
given in sections 2.2.1 and 2.2.8. 
 
2.5. Effect of Major Variables on Water Contamination 
2.5.1. The Geometry of concrete block 
There are three factors when taking into account the geometry of the block; these 
are the surface area exposed, the volume of the block and the shape of the block. 
There has been some research into the geometry of concrete blocks on leaching 
performed by Evans (2010). 
 
2.5.1.1. Shape of Block 
The shape of the concrete block would have little effect on the leaching rate 
compared to the surface area and volume; it would however affect the way water 
would flow past the block, as seen in Figure 2-8 this may cause turbulence and 
eddies that would affect how the ions would diffuse into the water. In laminar flow the 
ions will mostly remain in the path directly downstream of the block, however if the 
block causes turbulence around it then the ions would diffuse further. Some 
examples of what the flow is like around some blocks can be seen below in Figure 
2-8 
 
Shape 
and 
flow 
  
  
Figure 2-8: Flow of water around various blocks 
 
2.5.1.2. Surface Area of Block 
As the surface area of a material being leached increases so does the leaching rate, 
this is due to there being more contact area between the solid and the solvent. 
(Geankoplis, 2003).  
 
(20) 
2.5.1.3. Volume of block 
As the volume of concrete increases or decreases there would be no change in 
leaching rate unless there is a corresponding change in the surface area that is in 
contact with the solvent. The volume change will however cause a change in 
duration that the leaching occurs this is because there is a greater/lesser distance 
that the ions need to travel in order to be leached out of the solid completely. This 
occurs according to equation 2-1 from Geankoplis (2003)  
 
......................................................... (2-4) 
 
where: 
MA = Molar flux vector of A, kgmol/(s.m
2) 
ε = open void fraction (pore) 
DAB = diffusivity of salt (hydroxide ions/metal ions) in water, m
2/s 
C = concentration of A at indicated point, mol/m 
(z2-z1) = distance travelled within pore (m) 
τ = tortuosity, factor to correct for the path longer than (z2-z1) 
 
Evans (2010) showed in her thesis the effects of the geometry of four cubes of 
different size on the leaching of hydroxide ions. The geometries of the cubes can be 
found in Table 2-6. 
 
Table 2-6: cube geometries in Evans research 
Cube length Volume Surface area Volume/Surface 
area 
Surface area 
/ Volume 
0.102 0.001 0.062 0.016 62.5 
0.192 0.007 0.221 0.032 31.3 
0.222 0.011 0.296 0.037 27.0 
0.294 0.025 0.519 0.048 20.8 
 
 
(21) 
 
 
Figure 2-9: moles of OH- leached vs. hours (Evans, 2010) 
 
It can be seen from Figure 2-9 that Evans found that leaching for cube sizes below 
0.192 cubic metres caused a rise to a peak then a gradual reduction in pH. Whereas 
for the larger cubes the leaching profile changed, the conclusion found was that the 
surface area to volume ratio became a limiting factor to leaching. (Evans, 2010) This 
doesn't agree with Geankoplis (2003), the difference may be because of greater 
leaching from the larger cubes into the damp hessian used to cover the blocks 
overnight. 
 
Figure 2-10 shows the effect per unit of surface area in Evans's research, it can be 
seen that when compared to the Figure 2-9 that when the surface area is taken into 
account, the difference between the 0.102 metres and 0.294 metres peaks 
increased from 0.085 metres to 0.175 metres. (Evans, 2010) 
 
(22) 
 
Figure 2-10: moles/surface area of concrete of OH- leached vs. hours (Evans, 2010) 
 
Figure 2-11 shows the effect per unit volume of concrete, it shows that for the 
smaller cubes, the amount of hydroxyl leached per unit volume was initially greater 
than for the larger cubes this is because not all of the hydroxyl was being leached 
immediately because it had to transport itself through the pores to the surface.  
 
 
Figure 2-11: moles/volume of concrete of OH- leached vs. hours (Evans, 2010) 
 
Evans also determined that for concrete, with 30% pozzolanic fly ash mix that the 
surface area to volume ratio would be a limiting factor. While for a 65% Ground 
granulated blast furnace slag mix it wouldn’t be because there is relatively little 
hydroxide ions available for leaching. 
 
(23) 
2.5.2. Volume of water 
Changing the volume of water will have little effect on the leaching rate except for 
when the change causes the specimen’s surface area in contact with the water to 
become more or less submerged.  From the basic concentration formula found in 
Atkins and de Paula (2005);       
 
………..…....(2-5) 
 
 A change in water volume that the specimen is submerged into will cause a change 
in overall concentration, if the volume is raised then there would be a drop in 
concentration and vice versa. (Atkins and Paula, 2005) 
However this does not take into account the diffusion rate of the ions in water, so at 
a given time there would be a higher concentration around the specimen than at the 
furthest point away from it.  
 
2.5.3. Carbon Dioxide 
CO2 reduces the alkalinity of the water. This happens because of the reaction 
between Ca(OH)2 and Carbon dioxide.   
 
 ...................................(2-6) 
 
 
This gives an overall second order irreversible reaction: 
 
 .....................................................(2-7)
 
(Danckwerts, 1970) 
 
As seen from the equations a product of the reaction is water which would cause a 
reduction of the concentration of OH- remaining in the water thereby reducing the pH 
further. 
(24) 
 
Van Gerven et al (2004) found that bubbling pure CO2 through a leachate from 
concrete kept the pH to about 6 rather than 12 for nitrogen and air. However the 
preliminary project for this research found the pH would start to drop from a peak of 
11.5 after 24 hours of submersion to around 9 to 9.5 after 840 hours (Setunge et al., 
2009); Whereas Van Gerven's results remained at above 11 after 3½ times that 
period. (Van Gerven et al., 2004) 
 
 
Figure 2-12: pH comparison (van Gervan, 2004) 
 
2.5.4. Flow rate of leachant 
Little work has been performed on the effect of flow rate on the pH of water when 
leaching material from concrete. As the flow rate is increased the concentration of 
the ions in the leachate would decrease as the ions have less time to diffuse into the 
water (Geankoplis, 2003).  From the equation for molar flux (equation 2-1) it can be 
seen that the molar flux is dependent on the difference in concentration, therefore it 
could be concluded that an increase in flow rate can produce an increase in leaching 
as the concentration of hydroxide ions in the leaching water will be reduced. With 
faster flow the water will become more turbulent causing better mixing within the 
tank. The effect of geometry is discussed above, it should be noted that increasing 
the flow rate will increase the turbulence caused by the blocks geometry, or even 
cause it to occur when it didn’t before. 
 
(25) 
2.5.5. Time before exposure to water 
It was found by Setunge et al (2009) that the time before exposure to water had a 
marginal effect (4% between 20 and 120 hours) on the pH gained and no effect on 
when the peak pH was attained (24 hours after submersion). Schiopu et al (2009) 
found similar results, a peak pH of 11 at 24 hours after immersion for their 
continuous monolithic leaching test but for their multibatch test it was a peak pH of 
about 12 after 10 days, these samples were tested 28 days after casting, there is no 
indication as to why it 28 day, however it may be because that is the point where 
98% of the full strength of concrete is obtained. 
 
(i) 
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   (ii)  
Figure 2-13: comparing effect of time before exposure (i) Setunge et al., 2009 and (ii) Schiopu 
et al., 2009  
 
(26) 
2.5.6. Temperature 
Kamali, Moranville and Leclercq (2008) found that the kinetics of the leaching 
process of pH into water increases with temperature. Using three different concrete 
mixes and temperatures, they found that when  the leached depth over 114 days 
increased from 1.5 mm to 3.2 mm for CEM I concrete at 26oC and 85oC respectively 
(Kamali et al., 2008).  
  
It was found that as the temperature increased the depth leached to also increases. 
It was also observed that there was an increase in the kinetics of leaching at 70oC. 
 
 
Figure 2-14: effect of temperature on leached depth of concrete 
 
There are three main causes of the accelerating effect of temperature: 
 temperature increases ionic diffusivity 
 temperature accelerates dissolution kinetics of most cement paste minerals, 
the exception is portlandite 
 Temperature creates significant changes in cement paste microstructure 
involving an additional porosity. (ettingite for example is unstable above 70oC)  
(Kamali et al., 2008) 
 
(27) 
2.5.7. Water to binder ratio in concrete paste 
The leaching kinetics increases with water to binder ratio, this is because the 
porosity (open void fraction) and ionic diffusivity increases with the increase in W/B 
ratio as seen in equation 2-1. It was also found that the increase is more significant 
for pastes with W/B ratio less than 0.4 (Kamali et al., 2008). 
 
 
Figure 2-15: Leached depth of specimens degraded in pure water; (a) at 26 °C during 114 days 
(b) at 85 °C during 114 days and (c) in ammonium nitrate solution at 20 °C during 19 days. 
(Kamali et al., 2008) 
 
(28) 
2.5.8. Mineral additions to cement mix 
Kamali et al (2008) found that the leached depth for 114 days was lower for 
materials that had slag, fly ash and silica fume added, this was more significant for 
CEM V/A and CEM III/A concrete pastes.  
 
Kamali et al. (2008) came to the conclusion that this was because:  
1. The mineral additions decrease the ionic diffusivity of cement based 
materials. This is due to the systems containing less capillary porosity than 
Portland cement paste. The diffusion effect for chloride ions was found to be 
7.5 times greater for CEM I than for CEM II/A (Kamali et al., 2008). 
2. Mineral additions decrease the portlandite content of cement paste because 
less clinker is used and pozzolanic reactions occurred (Kamali et al., 2008).  
 
Evans (2010) also did some research on different mix designs, the mix designs she 
used were: 
 Ordinary Portland cement  
 30% pozzolanic fly ash and 70% ordinary Portland cement 
 65% ground granulated blast furnace slag and 35% ordinary Portland 
cement. 
 
The results of Evans research is shown in Figure 2-16 and Figure 2-17. 
 
(29) 
 
Figure 2-16: OH
-
 leached from concrete 0.192 metre cubes of differing composition (Evans, 
2010) 
 
 
Figure 2-17: OH- leached from concrete 0.222 metre cubes of differing composition (Evans, 
2010) 
(30) 
 
It can be seen from Figure 2-16 that for a cube size of 0.192 metres the leaching 
rate for Pulverised Fuel ash and Ground Granulated Blast furnace Slag is much 
slower than for OPC concrete, this is caused by a secondary reaction between some 
of the calcium hydroxide released during the primary OPC reactions and the OPC 
replacement material. This lasts until OPC reaches its peak, whereas it the 
hydroxide released by PFA rises drastically. However the overall amount of 
hydroxide released by GGBS is the same as the peak for OPC concrete, however no 
reduction in hydroxide level is observed for the entire period tested so it is unknown 
if that is the actual peak or not. (Evans, 2010) 
 
Figure 2-17 shows differing results for the larger cube, it was shown that for all types 
of concrete the leaching rates faster with PFA concrete leaching hydroxide faster 
than OPC for the first 24 hours and GGBS concrete keeping up with OPC concrete 
for the first 48 hours. 
 
It was found that more alkali material was released for a pozzolanic fly ash mix and 
less for a ground granulated blast furnace slag mix. However GGBS is a slower 
reaction over two peaks instead of one so there is less of a sudden burst of 
hydroxide ions released. 
 
These results differ from those found by Kamali (2008) the difference may be 
because of different CaO/SiO2 ratios in the mix designs. Evans (2010) appears to 
have used a low calcium PFA composition which as mentioned in the introduction 
may have a low pozzolanic reactivity depending on the minerals in the mix. Kamali et 
al. (2008) doesn’t mention what the composition of the fly ash he used was.  
 
2.5.9. Chemical composition of leachate 
2.5.9.1. Ammonium nitrate/pure water 
Results found by Kamali et al (2008) indicate that the leaching depth over a period of 
time strongly depended on the chemical composition of the leaching water. They 
(31) 
found that the depth leached was 4.5 times greater for ammonium nitrate solution 
over a period of 19 days than for pure water at room temperature for 114 days. 
 
2.5.9.2. Tap water/Demineralised water 
Schwotzer et al. (2010) performed research into the protective or damage promoting 
effect of calcium carbonate layers on the surface of cement based materials in 
aqueous environments and part of the research was into the differences between 
carbonate rich tap water and demineralised water.  
 
Table 2-7: composition of water (Schwotzer et al., 2010) 
Parameter Demineralised 
water 
Tap 
water 
Unit 
pH value 6.0 7.5 – 
Conductivity (20 °C) 0.52 530 µS/cm 
Hardness n. s. 2.2 mmol/L CaO 
Saturation index (CaCO3, 25 °C) -7.5 0.32 – 
Saturation index (Ca(OH)2, 25 °C) -17.5 -10.7 – 
Calcium <0.01 89.1 mg/L 
Magnesium <0.01 10.8 mg/L 
Sodium <0.01 17 mg/L 
Potassium <0.01 3.2 mg/L 
Chloride <0.01 30 mg/L 
Nitrate <0.01 1.8 mg/L 
Sulfate <0.03 56.7 mg/L 
 
 
They used two methods of testing: 
 Continuously stirred tank reactor with 0.5 litres of water 
 and a flow through reactor attached to a 25 litre tank 
In both cases the tanks temperature was constantly set at 11oC and were open to 
atmosphere so that carbon dioxide transfer could take place. 
 
(32) 
 
Figure 2-18: diagrams for reactors used by Schwotzer el al. 2010 
 
(i)  (ii)  
 
Figure 2-19: Ca(OH)2 content as a function of time for samples from the laboratory tests using 
tap water and demineralised water, performed at 11 °C. (Schwotzer et al., 2010) 
 
It can be seen above that in for both cases when tap water is used the Calcium 
hydroxide level remains relatively constant in the concrete as a calcium carbonate 
layer can form on the surface of the concrete, whereas when demineralised water is 
used the calcium hydroxide level decreases over time; this can be seen in Figure 
2-20.  
(33) 
 
  
Figure 2-20: Electron microscope photographs of cuts in the cement paste/water interface of a 
sample immersed for two days at 11 °C in hard tap water and demineralised water. (Schwotzer 
et al., 2010) 
 
If Ca2+ and HCO3
- are supplied from the water, a dense protective layer can be built 
up. On the other hand, if Ca2+ is supplied by the pore solution, CaCO3 formation 
affects the pore water chemistry and triggers a further chemical degradation in the 
solid phases of the cement paste. In this way CaCO3 formation can cause micro 
structural changes in the CSH gel by decalcification shrinkage. (Schwotzer et al., 
2010) 
 
2.6. Modelling 
Modelling has been performed in a couple of ways, there is modelling of actual 
ion/pH measurements that may be obtained (Schiopu et al., 2009), modelling of what 
has occurred for a given time and extrapolating, and modelling of the depth leached 
into the specimen (Kamali et al., 2008). A modelling tool that has been used in 
numerous papers is PHREEQC. Phreeqc is a geochemical software that can be 
used to model the transport phenomena from concrete into water, this model 
includes transport through the pores and diffusion through water. (Tiruta-Barna, 
2008).  
 
Van Der Sloot et al (2007) developed their own modelling tool, Leaching eXpert 
System, which is a program dedicated to modelling the leaching of wastes from 
various materials. These include soil, municipal waste, stabilised waste and cement 
(34) 
mortars and concrete. The model includes a materials leaching database that 
contains the results of laboratory leaching tests, various lysimeter test results and 
field data from more than 600 materials and wastes. Another method of modelling 
the process is through statistical analysis through factorial design using Minitab or 
another such program. (van der Sloot et al., 2007) 
 
2.6.1. Modelling of pH 
Modelling of pH has been performed by Van Der Sloot et al (2007) using Leaching 
eXpert System and Schiopu et al. (2009) using PHREEQC. Both determined a 
model for pH prediction, but these models have all been developed for from results 
of tests using specific flow rates, volumes of water and block sizes, these are further 
explained and discussed in section 2.1.2. The pH modelling and validation for 
Schiopu's outdoor field experiments are below in Figure 2-21, and appears accurate 
for up to 100 days. 
 
(i)   (ii)   
 
 
Figure 2-21: model vs. simulation results for Schiopu et al (2009) for (i) run off condition and 
(ii) stagnant condition in field exposure tests 
 
2.6.1.1. Chemical model 
To produce a model using Phreeqc one needs to develop both a chemical and a 
transport model. There are three basic steps to produce the chemical model: 
1. Identification of mineralogical phases constituting the studied material and 
those phases susceptible to form at the material contact with water. 
(35) 
2. Simulation of the different test points allowed to fit the composition of the 
mineralogical model and to estimate the quantities of the different initial 
phases. 
3. The last step improves the chemical model by its application to all leaching 
tests. Because different dynamic conditions can reveal specific chemical 
phenomena, the chemical model must be completed and validated using 
different conditions. 
 
2.6.1.2. Coupled chemical-transport model 
The coupled chemical-transport model takes into account the physicochemical 
phenomena as well as the transport phenomena in the material and leachate 
compartments. (Schiopu et al. 2009) 
 
The following time depending balance was deduced by Schiopu et al (2009) for the 
coupled chemical-transport model for concrete leaching into water: 
 
 
 
where: 
  are the concentrations of n solid phases (containing the element α) 
 Q is the leachant flow rate 
 kSL is the mass transfer coefficient between the pore water and leachate 
 Vleachate is the volume of the leachate in the reactor 
  is the concentration of the element α in the leachate 
  is the concentration of the element α in the porous matric 
compartment at the leachate interface 
  is the concentration of the element α in the leachant (reactor inlet)  
 aSL is the specific solid/liquid exchange surface, Aconcrete/Vleachate 
 aGL is the specific gas liquid exchange surface, Aleachate/Vleachate 
(36) 
 Fabs is the gas absorption flux,  
o where kGL is the mass transfer coefficient between the gas and the 
leachate 
o PCO2 is the partial pressure of CO2 in the air 
o KH is the Henry constant 
o  is the CO2 concentration in the leachate 
 
2.6.2. Minitab 
2.6.2.1. Overview 
Minitab is a statistical modelling program that allows the use of design of 
experiments. DOE allows a person to select independent variable values for which a 
limited number of experiments can be performed. Using this, multiple factors can be 
changed at a time while still having each factor analysed independently. 
(Montgomery, 2009) 
 
2.6.2.2. Factorial design 
Factorial design is the most efficient way to study the effects of two or more factors 
than one-factor-at-a-time experiments. (Montgomery, 2009) In factorial design all 
levels of the factors are investigated and it also helps to identify the interaction 
between factors as well as the significance of main factors without drawing 
misleading conclusions.  
 
2.6.2.3. 2k Factorial design 
Since 2k of experiments are performed at each replicate of the trial for k number of 
factors (independent variables), the design is called 2k factorial design. 
(Montgomery, 2009) Only 2 levels for each factor are considered for the 
experiments, high and low in this case it may be flow rate and time before exposure. 
This method however still produces a lot of experiments if a lot of factors are used, 
for example 32 for 5 factors and 64 for 6. 
(37) 
 
2.6.2.4. Fractional Factorial Design 
In cases where there are many factors there still will be too many experiments to 
perform with 2k factorial design, 128 individual experiments when 7 factors are 
considered. In this case Fractional factorial design (2k-p) is used because it 
significantly reduces the number of experiments required, reducing the time required 
and cost of the complete experimental program. (Montgomery, 2009) 
 
According to Montgomery (2009), the success of fractional factorial design depends 
on: 
 
 The sparsity of effects: when there are several variables, the process is likely 
to be driven by some of the main effects and interactions. 
 The projection property: Fractional factorial design can be projected into a 
larger design 
 Sequential experimentation: It is possible to combine the runs of two or more 
fractional designs to assemble sequentially a larger design to estimate the 
factor effects and interactions of interest. 
 
2.6.2.5. Modelling 
The basic model that will be used is 
 
 y= β0+β1x1+β2x2+β3x1x2+ε.................................................(2-8) 
 
The full length model for an experimental program is with variables A, B, C, D, E is: 
 
 Equation 2-9: full equation for a five variable model 
 
 
 
 
(38) 
The model can use either coded or uncoded units. Minitab by default calculated 
models using coded units. Coding eliminates any spurious results due to different 
measurement scales for the factors - for example, litres instead of millilitres. In 
addition, using uncoded units often leads to co-linearity among the terms in the 
model. This inflates the variability in the coefficient estimates and makes them 
difficult to interpret. (Montgomery, 2009) 
 
The equation to transform uncoded units into coded units is: 
 
.....................(2-10) 
 
When using coded units a shortened model can be produced using only the 
significant parameters and interactions of the experimental design. 
 
2.6.2.6. Determining significant factors 
When determining the significant factors Lenth's method is used for the analysis of 
unreplicated experiments. (Lenth, 2006) Lenth's method assumes that we have m 
independent effect estimates, and that they all have the same variance τ2.  
 
In an orthogonal two-level experiment on N observations, for example, each contrast 
has the form c =  − , where  is the average of the N/2 observations at the 
“high” level of a factor and  is the average of the N/2 observations at the “low” 
level. Each such contrast has variance , where s2 is the error variance. Let 
c1,c2, . . . ,cm denote the m contrast estimates. Usually, owing to the fact that the 
model is saturated, we have m = N −1. 
 
The computation involves two stages. First, let 
 
 
(39) 
 
Then, let 
 
 
 
Note that the second step is just like the first, except that we exclude those effects 
that exceed 2.5  in absolute value. PSE is termed the pseudo standard error, and it 
is an estimate of . 
 
Table 2-8: multipliers to obtain ME and SME for alpha = 0.05 (Lenth, 2006) 
m for ME for SME m for ME for SME 
7 2.297 4.867 19 2.120 4.118 
8 2.201 4.868 23 2.097 4.017 
11 2.211 4.438 26 2.082 3.985 
15 2.156 4.240 27 2.077 3.964 
17 2.138 4.164 31 2.064 3.925 
 
Once the PSE is obtained, one can multiply it by a factor from Table 2-8 to obtain a 
margin of error (ME) for the contrasts (Minitab however uses an older set of values 
one where the multiplier for m=15 is 2.57)(Lenth, 1989). Contrasts that exceed the 
ME in absolute value are deemed active at the 5% significance level. Alternatively, 
one may compute a simultaneous margin of error (SME) using a different factor from 
Table 2-8. The distinction is that there is at most a 5% chance that one individual 
inactive contrast will exceed the ME, while there is at most a 5% chance that any 
inactive contrast will exceed the SME.  
 
The recommended practice is to display the contrasts in a bar chart or a Pareto 
chart, with decision lines added for the ME and the SME. A contrast that extends 
beyond the SME line is clearly and active effect. One that exceeds the ME but not 
the SME should be viewed with some caution, as it may be an artefact of testing 
several contrasts. (Lenth, 2006) 
 
(40) 
2.7. Barriers that may be used 
Different barriers may be used for protecting concrete, the three most prevalent are, 
film forming sealers, penetrating sealers and admixtures. 
 
2.7.1. Clear repellents 
Although clear sealers do not fit the definition of true waterproofing systems, they do 
add water repellency to substrates. Clear sealers are applied on masonry or 
concrete when a repellent that doesn’t change the aesthetics is required. The 
problem with clear sealers is in choosing a proper material for specific conditions, 
the biggest disadvantage of clear sealers it that they will not bridge cracks in the 
substrate, so and cracks will cause the sealer to lose efficiency. (Kubal, 2000) 
 
2.7.1.1. Film-Forming sealers 
Film forming sealers have a high solid content, as such they can fill minor cracks in 
the concrete. Most film forming materials are available in semitransparent or opaque 
formulations so are able to cover repair work in the substrate. They may also be 
used on exposed aggregate finishes and wood substrates. However they are not 
effective in weathering, not resistant to abrasive wear and the film adhesion is 
dependent on substrate cleanliness. Some examples of film-forming sealers are 
acrylics, silicones, aliphatic urethane, aromatic urethane, silicone resin, methyl 
methacrylate and modified stearate. (Kubal, 2000) 
 
Figure 2-22 shows the efficiency of various film forming types sealers, it can be seen 
that wax emulsions have the best water retension, and the PVA and acrylic 
emulsions have the worst. This figure is for when the correct application time and 
method is used. If it is not applied completely then there may be gaps in the sealant 
that reduce the efficiency, if applied too early then the surface water will dilute the 
sealer and if applied too late the sealer may be absorbed into the concrete causing 
the consequent failure of the membrane to form. (Design, 2006) 
(41) 
 
Figure 2-22: Efficiency index for various film forming sealers (Design, 2006) 
 
2.7.1.2. Penetrating Sealers 
Penetrating sealers have a lower solids content and viscosity than film-forming 
sealers, this allows them to penetrate into the pores of the substrate, however this 
means that they can only be used on porous materials, as such they are not 
effective on wood or hard finish materials such as glazed tile. They are resistant to 
ultraviolet weathering and effective in abrasive wear areas. They can however 
damage adjacent substrates, especially glass and aluminium and cause damage to 
plants and shrubs. Some examples of penetrating sealers are siloxanes, silanes, 
silicone rubber, siliconates, epoxy-modefied siloxane, silane-siloxane combination 
and silocane-acrylic combination. (Kubal, 2000) 
 
2.7.2. Cementitious coatings 
Cementitious based coatings are among the oldest products used for above ground 
water proofing applications. These coatings are cement-based containing finelt 
graded siliceous aggregate that are non-metallic. Pigments are added for colour and 
proprietary chemicals are added for integral waterproofing or water repellency. Since 
these coatings are water resistant, they are resistant to freeze-thaw cycles. 
(42) 
Cementitious coatings have excellent compressive strength while the water 
absorbtion is slightly greater than for elastomeric coatings (about 3-5% maximum 
water absorbtion by weight). Cementitious coatings are highly resistant to 
accelerated weathering, as well as being saly resistant. However acid rain will 
deteriorate cementitious coatings as it does other masonry products. These coatings 
are also breathable, allowing transmission of negative water vapour, this avoids the 
need to completely drying substrates before application, and the spalling caused by 
entrapped moisture. (Kubal, 2000) 
 
2.7.3. Elastomeric coatings 
Elastomeric coatings are manufactured from acrylic resins with approximately 50 
percent solids by volume, and behave similarly to paint in that they have pigment, 
binders and solvent when in their liquid state. Most contain titanium dioxide to 
prevent chalking during weathering. Additional additives include mildewcides, alkali-
resistant chemicals, various volume extenders to increase solids content and sand 
or other fillers for texture. Coatings are applies to 10-20 mm thickness, this thickness 
with the addition of resins and plasticisers that add flexibility to the coating that 
creates the waterproof and elastic coating. These coating have the  ability to 
elongate a minimum of 300 percent at dry millage thickness of 12-15 mm. This 
allows the coating to expand and return to its original shape without cracking of 
splitting.  
 
2.7.4. Admixtures 
Admixtures are added to concrete during the mixing (internal admixtures) or 
sometimes after placement (dry shake admixtures). Internal admixtures are 
substances that are added to the concrete mix to change the properties of the 
concrete. Admixtures that could be used as a measures of reducing leaching are: 
plasticisers, superplasticisers and Water reducers (Dransfield, 2003).  These 
admixtures all increase the workability of a concrete paste for certain water contents.  
This reduces the amount of water needed in the paste, reducing the porosity and by 
extension the leaching rate. (Geankoplis, 2003) 
 
(43) 
2.7.4.1. Caltite 
Caltite is a water repelling admixture for concrete that is a membrane free form of 
waterproofing concrete, caltite is a hydrophobic and Pore-Blocking admixture which 
is dosed at a rate of 30 litres per cubic metre of concrete consisting of at least 350 
Kgs per cubic metre OPC and maximum water to binder ratio of 0.45. Caltite has two 
waterproofing actions: 
 The first is a reaction of the hydrophobic components, changing the 
surface tension of cement hydrates and capillary surfaces, 
permanently modifying the concrete matrix and capillary system. 
 The second action is discrete polymer globules collecting in the 
capillaries, forming a physical plug blocking further water entry into 
the capillary (Cementaid, 1998)  
2.7.4.2. Silica Nanoparticles 
Silica nanoparticles were tested by Gaitero et al (2008) to determine whether they 
would be useful in the prevention of leaching. Four types of silica nanoparticles were 
used, Table 2-9. It was found that the porosity of the concrete was reduced, this also 
caused a rise in the compressive strength of the concrete. Cho et al (2007) patented 
a process, where a polymeric gel which can be sprayed onto new or existing 
concrete so as to improve various parameters, when part of the polymers hydrolyse 
to form silica nanoparticles which reacts with concrete hydrates plugging the internal 
pores, this improves strength and durability. The monomers in the gel that have 
hydroxyl groups imparts waterproof performance and impact absorption performance 
to the concrete. (Cho et al., 2007) 
 
Figure 2-21 shows that all of the nanoparticle admixtures show a reduction in pore 
volume, the greatest of which is shown by the CS1 nanoparticle admixture, having  
0.46 ml/g less pore volume than the reference. Figure 2-23 subsequently shows an 
increase in strength in all concretes over the reference, once again the greatest 
difference is seen in the CS1 nanoparticle specimen. 
 
(44) 
Table 2-9: Main physiochemical properties of the commercial additions used as stated by the 
manufacturer (Gaitero et al., 2008). 
Name 
Particle size 
(nm) 
pH 
Stabilizing 
agent 
SiO2 content 
(wt.%) 
Presentation 
CS1 30 10 Na2O 45 Colloid 
CS2 20 10 Na2O 20 Colloid 
CS3 120 9.5 NH3 40 Colloid 
ADS 1400a -- - 95 Powder 
 
 
Figure 2-23: Total pore volume and pore diameter distribution (Gaitero et al., 2008).  
 
 
 
Figure 2-24: compressive strength of concrete specimens  (Gaitero et al., 2008) 
(45) 
 
2.7.4.3. Anti-washout admixtures 
Anti washout admixtures are a viscosity-modifying admixture and are most 
commonly welan gum or Hydroxypropyl Methyl Cellulose, they consist of long 
molecule chains. They improve the cohesiveness of the concrete making it resist 
bleeding, segregation and results in a minimal loss of fines. (Georgia_Tech, 1999) 
They work by increasing the viscosity of water in the mixture. (Kosmatka et al., 2003) 
 
2.8. Conclusion of literature review 
2.8.1. Summary of literature review 
The foregoing literature review indicated the following: 
a) There is no accepted standard leaching test to determine effect of change of pH 
of water when concrete is exposed to flowing water. Various investigators have 
developed their own method of testing which usually comprise of a chamber with 
regular renewal of the exposed solution. 
 
b) Major variables affecting leaching can be summarised as 
i)  Geometry of concrete block 
ii)  Flow rate of water 
iii)  Air quality 
iv)  Time before concrete is exposed to water 
v)  Composition of water 
vi)  Temperature 
vii)  Concrete mix design 
viii)  Volume of water 
 
c) Theory of experimental design offers a systemic method of designing 
experiments to understand the effect of a large number of variables with a low 
number of experiments 
 
(46) 
2.8.2. Gap in Knowledge 
The gap in knowledge addressed in this thesis is the pollution of water from leaching 
of alkali from freshly cast concrete. Whilst there has been some published work on 
leaching of alkali from concrete, they were mainly focussing on the effect of leaching 
on concrete rather than the effect on water. This is the first comprehensive research 
project which aimed to address this gap in knowledge. 
 
(47) 
3. EXPERIMENTAL DESIGN AND METHODOLOGY 
3.1. Introduction 
In this chapter the planning of the experimental program is presented in detail. The 
design of the leaching tank is presented and selection of major variables is 
discussed. Selection of barriers for testing is also described. 
 
3.2. Design of the leaching tank 
From the review of literature it was clear that a standard test suitable for predicting 
leaching of alkali from concrete structures located in flowing water is not available. In 
this research project, a tank was custom designed, with the ability to investigate the 
variables identified in chapter 2. 
 
The desired factors for the tank were that it had to be of a size to fit the desired 
blocks while holding the volume of water required for the test. The tank has to be 
airtight so that infusion of nitrogen to replace air could be achieved as desired. 
Originally it was planned for the tank to be a rectangular prism but the final decision 
was a cylindrical tank as it would be easier to produce and will allow better mixing of 
the water around the concrete block. 
 
The Leaching tanks were designed as 201.3 mm internal diameter cylindrical clear 
PVC tubes, with PVC lids and bases, the base was attached to the cylinder by 
silicone cement and the lid was sealed with a foam ring and held down by bolts 
attached to a ring around the tube just below the lid. 
 
The inlet pipe is inserted from the lid and terminated close to the base. It has a neck 
on the end. Inlet pipe has an internal diameter of 17 mm, and the neck provides the 
impetus for a swirling effect around the tank. The fluid will proceed from the bottom 
of the tank, up and around the concrete until it reaches the discharge pipe, the 
discharge pipe was made up of interchangeable pipes of different lengths so that the 
volume of water in the tank could be adjusted. Nitrogen gas will be inserted into the 
(48) 
top of the tank at 1 atmosphere in order to remove the carbon dioxide in the void in 
the tank though the outlet pipe. 
 
Appendix 2 shows the design of the tank. The height of the tank was 325 mm. The 
pH probe was placed at the end of the outlet pipe where the leachant discharges. 
 
The volume of water inside the tank is dependent on the length of the outlet pipe. 
This length was determined by calculating the total volume of the tank up to the top 
of the outlet pipe and the volume of all items within the tank including concrete water 
and plumbing. The volume for the necks is multiplied by two if water level is below 
the topmost neck, going up to three when above the top of the topmost neck.  The 
length of the inlet pipe has a maximum which is when the water level reaches the 
topmost neck. 
 
Vt = Vw + Vc + (2 or 3)Vn+Vti+Vto..........................................(3-1) 
 
πR2(Lto+.10795) =  Vw+Vc+(2 or 3)Vn+ πRt
2(Lto-0.076+0.10795)+ πRt
2Lto....(3-2) 
 
Where: 
 R is the radius of the tank 
 Lto is the length of the outlet pipe 
 Vw is the volume of water desired in the tank 
 Vc is the volume of concrete in the tank 
 Vn is the volume of the necks in on the pipes 
 and Rt is the radius of the outlet pipe. 
 
The solver function in Microsoft Excel was used to select the value of the outlet pipe 
length. This was done by setting the difference between the two answers for the 
volume of tank (Vt) to zero. 
 
Figure 3-1 shows a photograph of the experiment set up. Figure 3-2 is a close-up of 
the tank when the lid and gas line is attached, and Figure 3-3 is a close up of the 
data logger and power supply. 
(49) 
 
Figure 3-1: Leaching tank set-up. 
 
 
Figure 3-2: leaching tank with gas inlet set-up 
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Figure 3-3: Data logger and power supply 
 
3.3. Experimental program to understand the change in pH of 
water 
3.3.1. Design of experiments 
The preliminary experimental program aimed to conduct tests capturing all the 
variables identified in Chapter 2. However, the project timeframe and the limitation of 
one experimental set-up restricted the number of experiments that could be 
conducted. The theory of experimental design was therefore used to design a 
statistical experimental program so that with an optimised number of experiments, 
the influence of the six parameters could be established. Although it was initially 
planned to examine the effect of volume of water to volume of concrete, this wasn't 
included in the final experimental program since flow rate was expected to play a 
more significant role.  
 
Major variables included in the program were: 
 surface area to volume ratio of concrete (SAc/Vc) 
 flow rate 
 volume of water (only considered in screening tests 1-18) 
 air quality 
 % fly ash 
 age of concrete at exposure 
(51) 
Table 3-1 gives the chosen values for the parameters used in the final experimental 
program, Table 3-2 presents the initial tests done which were used later to validate 
the models developed and Table 3-3 gives the final experimental program adopted 
in this study to ascertain the trends in pH rise in water.  
 
Table 3-1: parameters used in experiment 
Parameter value Explanation 
SAc/Vc 
(/m) 
45 
100x100x200 mm block, rectangular prisms were used as 
most of the culverts and associated components 
constructed in water are rectangular in shape. Block size 
chosen to fit in tank. 
60 
75x75x150 block, block size chosen because size was 
sufficiently different for differences in hydroxide leaching 
to be apparent 
Flow rate 
(ml/sec) 
5 Flow rate was low but not zero 
20 
Flow rate is larger this value was chosen as it was near 
the upper limit of the flow meter used, and 1728 litres 
per day is being discharged into the drains 
air quality 
air These two were used to determine if there was any 
significant effect if carbon dioxide content of air over 
water was reduced 
nitrogen 
fly ash 
(%) 
0 Ordinary Portland cement 
20 
Percentage was chosen to explore whether the reduction 
in Ca(OH)2 in fly ash concrete would reduce the leaching 
of Ca(OH)2. 
time before 
exposure (days) 
1 Submersion immediately after demoulding 
4 
Test to determine if delayed exposure of concrete has 
any significant effect 
 
(52) 
Table 3-2: Screening tests and validation 
experiment SAc/Vc 
flow 
rate 
Air 
quality 
Volume 
of water 
Time 
before 
exposure 
(days) 
% Fly 
ash 
W/B 
ratio 
1 45 20 N 6.3L 1 0 0.411 
2 45 5 A 6.3L 4 0 0.411 
3 45 20 N 6.3L 56 0 0.411 
4 45 20 A 6.3L 1 20 0.366 
5 45 20 N 6.3L 4 20 0.366 
6 45 20 A 6.3L 46 20 0.366 
7 45 20 A 6.3L 1 0 0.45 
8 45 20 N 6.3L 4 0 0.45 
9 45 5 N 6.3L 7 0 0.45 
10 45 5 A 6.3L 1 0 0.45 
11 45 5 A 6.3L 5 0 0.45 
12 45 10 A 6.3L 9 0 0.45 
13 45 5 A 6.3L 1 20 0.413 
14 45 20 N 6.3L 1 20 0.413 
15 45 20 A 6.3L 12 20 0.413 
16 60 20 A 7.46L 12 20 0.413 
17 60 20 A 6.3L 161 20 0.413 
18 60 20 A 6.3L 161 20 0.413 
 
Table 3-3: Final experimental procedure 
Experiment SAc/Vc Flow rate air quality 
time before 
exposure 
(days) 
% 
fly 
ash 
W/B 
ratio 
19 60 5 Nitrogen 1 0 0.413 
20 60 20 Air 1 20 0.413 
21 45 5 Nitrogen 4 0 0.413 
22 45 20 Air 4 0 0.413 
23 60 5 Air 1 20 0.413 
24 45 5 Nitrogen 1 0 0.413 
25 60 20 Air 4 20 0.413 
26 45 20 Nitrogen 4 0 0.413 
27 45 5 Air 1 20 0.413 
28 45 20 Nitrogen 1 20 0.413 
29 60 5 Air 4 0 0.413 
30 60 20 Nitrogen 4 20 0.413 
31 45 20 Air 1 20 0.413 
32 60 20 Nitrogen 1 0 0.413 
33 45 5 Air 4 20 0.413 
34 60 5 Nitrogen 4 0 0.413 
 
(53) 
3.3.2. Concrete mixes 
Two basic concrete mixes were adopted in the study. Mix proportions were similar to 
those adopted the preliminary research performed before. Previous measurements 
conducted in stagnant water (Setunge et al., 2009) have shown that the amount of 
cement in a concrete mix doesn't significantly affect the pH changes in water. 
Therefore one basic mix was utilised in all the experiments with the only variable as 
an introduction of 20% fly ash. This change is used to confirm if there is an increase 
or decrease in peak pH over the time period observed.  
 
Mixes utilised general purpose cement, river sand and a basalt type coarse 
aggregate. 28 day compressive strength was around 45 MPa. 
 
Table 3-4: Concrete mix design 
 Mix A Mix B (20% fly ash) 
Cement 350 kg/m3 280 kg/m3 
Fly Ash 0 kg/m3 70 kg/m3 
W/B 0.45 0.45 
Water 158 kg/m3 158 kg/m3 
Coarse Aggregate 7mm 570 kg/m3 570 kg/m3 
Coarse Aggregate 10mm 570 kg/m3 570 kg/m3 
Coarse Sand 589 kg/m3 589 kg/m3 
 
During the initial mixes, there was a slight error in the mix proportioning which led to 
a variation of the water/binder ratio. This issue was rectified and in the experiments 
19 to 34, a consistent w/b ratio was achieved. 
 
3.3.3. Specimen preparation 
Concrete specimens were cast in the laboratory as per the mix design shown in 
Table 3-4.  
(54) 
The aggregate and sand were first mixed together in a small mixer for two minutes 
before the cement and where needed fly ash is added before being mixed for a 
further two minutes. At this point the water is added and mixing is done for a last 
three minutes before being cast in moulds designed and fabricated for the work 
reported here and vibrated. There were two moulds used a metal 100mm x 100mm x 
200mm (SAc/Vc= 45/m) mould and a wood 75mm x 75mm x 150mm (SAc/Vc= 60/m) 
mould. Specimens were demoulded 24 hours after casting.  
 
When barriers were to be used they were applied immediately after demoulding and 
then left for 4 days before exposure to water to give ample time for the coating to 
dry. 
 
3.3.4. Experimental procedure 
Where specified the specimen was exposed to water immediately after demoulding, 
others were left for a further 72 hours before exposure. When exposed to water, 
specimens were immersed in 6.3 litres of water flowing at a rate designated by the 
experimental design in Table 3-3 above; the specimen is immersed in the middle of 
the tank allowing circular flow of water around the specimen. If required a lid was 
attached so that nitrogen could be introduced to the tank to displace the carbon 
dioxide. 
 
3.3.5. Monitoring of experiments 
The pH was measured using a Thermo scientific Alpha pH 500 pH transmitter 
acquired from Eutech industries, the electrode for the transmitter was attached to the 
outlet stream of the tank and results taken every 15 seconds until it reaches a 
distinct peak after which the pH was recorded every minute for half an hour twice a 
day until completion of experiment. Once a data taker was acquired the results were 
automatically stored every 15 seconds using a data collection rig attached to the 
data taker. The experimental rig was checked twice a day on arrival at 10AM and 
departure at 5PM to check that the flow rate remained correct for the experiment in 
process. 
 
(55) 
3.3.6. Experiments to examine the effectiveness of barriers 
This section will describe the testing undertaken to determine the effectiveness of 
the selected barriers. The conditions were selected based on the initial experiments, 
with the conditions adopted corresponding to the experiment with the largest pH 
gain. This was selected to provide the most aggressive conditions, so as to be able 
to determine the performance of the barriers in stopping leaching.. 
 
The barriers for the experiment were chosen from a list provided by the Department 
of main roads - RoadTek in Queensland. Four products on the list were chosen for 
testing based on their description, class and type to provide a range of products. The 
barriers were: 
 
 BASF construction chemicals 
o Masterkure 100WB wax based emulsion 
o Masterkure 250 XDS water borne hydrocarbon resin 
o Masterkure 404 water borne acrylic emulsion 
 and Parchem construction supplies 
o Concure A99 water based acrylic curing compound 
 
Some other curing compounds were discounted as unsuitable based on their MSDS. 
For example, Parchem construction supplies' concure HR90 hydrocarbon resin 
whose MSDS stated: 
 
 HSNO classification 9.1C - substance that is harmful in the aquatic 
environment 
 Hazard statement code: H412 Harmful to aquatic life with long lasting effects 
 Composition - 30 - 60% mineral turpentine. 
 
3.4. Conclusion 
The experimental rig is designed to test specimens of various sizes in a body of 
swirling water. The tank was capable of monitoring the pH in the outlet pipe using a 
pH transmitter and data logger.  DOE was used to plan the actual experimental 
(56) 
program detailed in Table 3-3. More experiments are planned after the initial 
modelling to determine if there are any effective chemical barriers, this is to be 
performed on the specimen that had the largest amount leached during the model 
testing. 
(57) 
4. LEACHING, RESULTS AND MODELLING  
4.1. Introduction 
This chapter presents a summary of results and the observed trends in the 
experiments. All the individual test results are presented in appendix 3. Results are 
compared with those observed in literature. 
 
4.2. Results 
4.2.1. Peak pH of water and the time to peak 
The data taker recorded results every 15 seconds. These results were charted and 
key points taken for use in the statistical analysis. The key points were considered to 
be. 
 
 Peak pH 
 Time to reach peak pH 
 
Appendix 3 presents all the experimental results. A summary and an analysis of the 
results are presented here.  
 
The time taken to for the pH to reduce to 75% of the peak pH and the time taken to 
drop to pH 8 were also measured in an attempt to understand the overall effect of 
leaching. The results are summarised in Table 4-1 and  a typical pH vs time curve is 
shown in Figure 4-1.  
 
(58) 
 
Figure 4-1: typical pH vs time curve 
 
The shape of the pH time graph were similar to those reported in prior literature in 
that there is a rise to a peak followed by a gradual fall. (Setunge et al., 2009, 
Schiopu et al., 2009) 
 
(59) 
Table 4-1: Experimental results 
Experiment peak 
time to 
peak 
(minutes) 
.75peak 
time tp 
0.75peak 
(minutes) 
Time to pH = 8.0 
(minutes) 
1 9.27 18.5 8.70 114 390 
2 9.7 195 9.03 696 Not Recorded 
3 9.32 7.25 8.74 143.75 531 
4 9.69 12.75 9.02 61 Not Recorded 
5 9.53 9 8.90 168.5 Not Recorded 
6 8.54 29.5 8.16 182.5 269 
7 9.81 16.25 9.11 153 Not Recorded 
8 9.37 18.25 8.78 91.28 Not Recorded 
9 9.85 206.75 9.14 608.5 4110 
10 10.03 138.5 9.27 518.75 5661.25 
11 9.90 87.75 9.18 393.5 3850.25 
12 9.42 9.25 8.81 194.75 956 
13 10.01 71.75 9.26 527 4108.5 
14 8.97 21.75 8.48 173.25 455.75 
15 8.82 18.25 8.36 182.75 392.25 
16 8.83 5 8.37 16.5 40.5 
17 7.55 15 7.41 27.25 Not Recorded 
18 8.08 15.25 7.82 31.5 16.5 
19 9.51 137 8.88 494.5 2355.75 
20 8.52 21 8.14 78.25 99.5 
21 9.52 83.25 8.89 418.5 2657 
22 9.08 19.25 8.56 147.25 361.25 
23 9.37 73 8.7775 247.5 745 
24 9.49 77.5 8.8675 211 1309.75 
25 8.44 17.25 8.08 64.5 84 
26 8.31 28.5 7.9825 75 73 
27 9.56 150.5 8.92 470 2600 
28 8.9 15.25 8.425 97.5 262.5 
29 8.69 91.25 8.2675 309.75 496 
30 8.07 18.75 7.8025 52 27.5 
31 9.35 14.5 8.7625 147.25 582.5 
32 8.32 24.75 7.99 81.5 81.5 
33 9.89 129.25 9.1675 443 3051.75 
34 8.9 145.75 8.425 293.25 611 
 
Figure 4-2 is a chart displaying the experiments that had the largest and the smallest 
pH gain from the final experimental design. These correspond to the following 
conditions. 
 
 
 
 
(60) 
 
Table 4-2: Conditions for experiment 30 and 33 
experiment Block size (mm) Flow rate 
(ml/sec) 
Air 
quality 
% Fly 
ash 
Time before 
immersion 
(days) 
30 75 x 75 x 200 20 Nitrogen 20 4 
33 100 x 100 x 200 5 Air 0 4 
 
To see all the charts refer to appendix 4. 
 
Figure 4-2: Smallest and largest pH gain observed within the 16 leaching experiments 
 
4.3. Modelling of pH gain 
Previous research showed that when exposed in stagnant tap water, the pH values 
increased to values of approximately pH 11 at 24 hours after immersion into water, 
(Setunge (2009), Evans (2010)). In all of the experiments the pH increased sharply 
from neutral to a peak before gradually decreasing back to neutral. The data from 
these experiments (19-34), with flow rates of 5ml/sec to 20ml/sec, gave a peak pH 
value in the region between 8 and 10, the greater pH values were obtained from the 
slower flow rates, for which, the peaks also occurred later and lasted longer than for 
(61) 
the faster flow rates. This is a significant increase from the neutral value of about 
6.8. It was also observed that the flow rate had a significant effect on the time to 
peak pH, being about 15 minutes to half an hour for 20ml/sec and over an hour for 5 
ml/sec.  
 
Minitab statistical package has been utilised to analyse the trends in data to identify 
significant factors affecting the peak pH and the time to peak.  
 
4.3.1. Peak pH 
4.3.1.1. Significant Variables for Modelling with Coded Units 
Figure 4-3 shows the normal plot of the effects. The margin of error was calculated 
following the procedure described in sections 2.3 to 2.6.In this case Lenth’s standard 
error was determined to be 0.110719, multiplying by 2.57 gives a MOE of 0.2845, 
any variables that have an effect greater than the MOE or less than the negative 
MOE is determined to be significant. From the Normal plot below it can be seen that 
both the surface area to volume ratio of concrete and the flow rate have negative 
effects on the peak pH and these are marked by the red squares. A negative effect 
is one where increasing the variable causes the pH to decrease.  
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Figure 4-3: Normal plot of the effects (response is peak) 
 
Figure 4-4 is the Pareto chart for the response to peak. The most significant factors 
were the surface area to volume ratio of concrete followed by the flow rate of water. 
Time before exposure, air quality, and the air quality to % fly ash and Flow rate to air 
quality interactions are not quite significant for a confidence level 0.05. However, 
these parameters are significant if the confidence level is increased to 0.1. 
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Figure 4-4: Pareto chart of the effects (response is peak) 
 
Figure 4-5 is the main effects plot for the peak pH. This plot shows the effect that all 
the individual variables have of the pH, a line where the mean pH increases with the 
variable is a positive effect, a line with a decreasing mean is a negative effect and a 
flat line is zero effect. In Figure 4-5 all variables have some kind of negative effect, 
although it is negligible for the percentage of fly ash.  
 
Figure 4-4 and Figure 4-5 show that the flow rate has the most significant effect on 
the peak pH while Figure 4-3 and Figure 4-5 show that it is a negative effect. This 
inverse relationship was not unexpected as when the flow rate is higher, the peak pH 
is reduced as there is faster removal of OH- from the tank. Thus the hydroxyl ions 
are removed before they can cause a significant increase in pH.  
 
There has been no prior research measuring the effect of flow rates in an open 
system, as such the results could not be compared with any published work. 
  
The second significant factor is the surface area to volume ratio of concrete. This 
trend was unexpected. It was hypothesised that the larger surface area to volume 
(64) 
ratio would lead to a higher peak pH.   Examination of results indicated that the 
effect in fact is a function of the total surface area and not the surface area to volume 
ratio. The specimens with larger surface area/volume also had the smaller overall 
surface area. Surface area on its own wasn't considered in the experiments as a 
major variable. A similar effect was also observed in the experiments conducted in 
stagnant water reported by Setunge et al (2009). Therefore the conclusion that was 
drawn from the work is that the increase in surface area increases the peak pH. 
However Evans (2010) came to the conclusion that there was a critical surface area 
to volume ratio where diffusion control becomes important, the specimens used in 
this research didn't cross over this critical ratio. 
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Figure 4-5: main effects plot for peak 
 
The presence of fly ash was expected to lower peak pH due to the reduction in 
Ca(OH)2 available to be leached caused by the pozzolanic reaction of the fly ash. 
This hypothesis wasn't confirmed from the experiments reported here. Perhaps the 
effect becomes more pronounced at later ages in concrete with fly ash. 
 
While the air quality was not identified as a significant factor, even at a confidence 
level of 0.1, Figure 4-5 shows that a slight reduction of pH occurs between air and 
(65) 
nitrogen. This indicates that the presence of nitrogen is lowering the pH. This is 
unexpected as the presence of nitrogen should have raised the pH by preventing the 
irreversible second order reaction between OH- and CO2 giving CO3
-- and water. It 
may be because the low concentration of carbon dioxide in air (approximately 
0.033%) makes it only cause such an insignificant effect that would need a longer 
length of time to produce an observable effect. Slight experimental errors may also 
have an effect on these results due to the low concentration difference. Failure to 
completely replace air from the tank may also be a factor. It may be necessary to 
find a way to bubble the nitrogen through the water both prior to entry into the tank 
and in the tank itself rather than having it only over water, or use of a CO2 enriched 
mixture of air may also be necessary for observable results. As shown in Van 
Gervan et al (2003) bubbling air or nitrogen through the water has a slight effect on 
the pH. Though it is also seen that the difference in pH values between air and 
nitrogen bubbling is negligible when compared to pure carbon dioxide.  
 
There was a small negative effect for time before exposure between one and four 
days, not enough to be significant at confidence level 0.05 but at confidence level 
0.1 it would have been. This may have been due to carbon dioxide in the air 
transferring across into the pore water of the concrete promoting the irreversible 
second order reaction seen in equation 2-4.  
 
 
 
Further testing using samples stored in an area with no CO2 may be desirable to 
further determine the effect of carbon dioxide on the pH level of pore water, since 
Setunge et al (2009) found that longer exposure to air reduced the peak pH when 
exposed to water. 
 
Figure 4-6 is an interaction plot showing the effects of the high and low values of two 
parameters interacting. The plot shows an increase in effect with an increase in the 
angle between the two lines. The effects are significant or near significant if the two 
lines interact when both the values are changed.  
 
(66) 
The percentage of fly ash and air quality is an example as it would be significant if at 
a confidence level of 0.1, but not 0.05. If there was no significance for this factor then 
the two lines would have been parallel. As the two lines interact it means that the 
percentage of fly ash behaves differently in the presence of nitrogen than with air. 
The plot shows that the mix design with fly ash has a negative effect in air and a 
positive effect in nitrogen. This may have occurred because the presence of carbon 
dioxide in the water used up some of the hydroxide ions in the water before they 
could be used in the pozzolanic reaction. As stated above there may have been 
errors in displacing air from the tank. 
 
Flow rate and air quality also had a near significant effect, the interaction plot, Figure 
4-6, shows that when the flow rate was at 5 ml/sec air quality had little effect 
whatsoever but at the higher flow rate of 20 ml/sec there was a significant drop in pH 
between air and nitrogen. This may be due to greater air/water transfer due to the 
increased stirring caused by the increase in flow rate. But as noted above there may 
have been issues with the Nitrogen portion of the testing as nitrogen should have 
caused an increase in pH rather than an decrease. 
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Figure 4-6: Interaction plot for peak pH 
(67) 
 
4.3.1.2. Model Using Coded Units 
Two models were produced with Minitab, one was a simple model only utilising the 
significant factors using coded units, Table 4-3 shows the coefficients for the model 
equation explained in chapter 2.6.2.5. 
 
Table 4-3: coefficients for peak model using coded units 
Term Effect Coefficient 
Constant  8.9720 
Sac/Vc -0.5147 -0.2574 
Flow rate -0.7001 -0.3501 
 
Peak pH = 8.9720 - 0.2574*A - 0.3501*B...........................................(4-1) 
 
where A is the surface area to volume ratio effect and B is the effect of flow rate. A 
and B are calculated as follows: 
 
 ...............................................(4-2) 
 
Where  and   
 
 
....................................................(4-3) 
 
Where FR = flow rate, max(FR) = 20ml/sec  and min(FR) = 5ml/sec 
 
Coded factor levels used in the predictions are in Table 4-4 
(68) 
Table 4-4: Coded factor levels used in predictive modelling 
Experiment 
number 
19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 
Coded 
factor level 
(A) 
60  
+ 
60 
+ 
45 
- 
45 
- 
60 
+ 
45 
- 
60 
+ 
45 
- 
45 
- 
45 
- 
60 
+ 
60 
+ 
45 
- 
60 
+ 
45 
- 
60 
+ 
Coded 
factor level 
(B) 
5 
- 
20 
+ 
5 
- 
20 
+ 
5 
- 
5 
- 
20 
+ 
20 
+ 
5 
- 
20 
+ 
5 
- 
20 
+ 
20 
+ 
20 
+ 
5 
- 
5 
- 
 
A chart comparing the experimental and model results can be seen in Figure 4-7. It 
can be seen from the chart that the model doesn't fit the experimental results very 
well at all.  
 
 
Figure 4-7: comparing experimental and model results for peak pH using coded values 
 
(69) 
4.3.1.3. Model Using Uncoded Units 
The model using uncoded units is significantly longer than the model for coded units. 
This was also explored since the model utilising the significant parameters only 
didn’t lead to a reasonable result. 
 
The model for uncoded units is: 
 
Equation 4-4: model for peak pH using uncoded units 
 
 
 
 
 
Where: 
 A = Surface area to volume ratio of concrete (/m) 
 B = Flow rate of water (ml/sec) 
 C = -1 for air and +1 for nitrogen 
 D = percentage of fly ash in mix 
 E = time before exposure (days) 
 
It should be noted that using all the variables in the model will yield similar if not 
exactly the same results when comparing models using coded and uncoded units. 
This can be seen when comparing Figure 4-7 and Figure 4-8. 
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Figure 4-8: comparing experimental and model results for peak pH using uncoded values 
 
Figure 4-9 below graphically represents the difference between the experimental and 
the full model results for all of the experiments performed, for a full list see the 
results in appendix 3. The dotted lines are the point where the difference is greater 
than 1 pH, while most of the values are within this range, six are not and the five 
circled values are significantly outside of this boundary. The green dashes is a 5% 
error, only around half of the values are within this line, orange is 10% error and has 
9 out of 34 experiments are outside of this boundary, all bar the 5 within the red 
circles are within 15% error. It was found that an error of 37% was required for all 
points to be within the boundary. With linear regression it was found that the 
correlation between the experimental results and the model results was 0.0383 when 
all of the data points were used, if the outliers were disregarded then the correlation 
increased to 0.2349. 
 
It is clear that the expression derived from MiniTab results do not provide a 
reasonable estimate of the peak pH. This could be attributed to the fact identified 
earlier that surface area to volume ratio cannot be considered as a major variable, 
unless the total surface area is fixed as well. In the next stage of the research, the 
(71) 
surface area should be considered on its own as a major variable. This work was 
considered to be beyond the scope of the work of this Masters thesis. The major 
conclusions drawn from this work therefore  is identification that surface area to 
volume ratio and the surface area should be examined in more detail in order to 
develop a reliable relationship between pH change in water and the parameters of 
the concrete structure.  
 
Another aspect to be explored is focusing on the total hydroxyl ions leached rather 
than the pH change as the dependent variable in the experiments. This will eliminate 
the effects of dilution of hydroxyl ions when the other variables were changed, which 
will affect the pH of water. 
 
 
Figure 4-9: experimental vs. model result 
(72) 
 
4.3.2. Time to Peak pH 
4.3.2.1. Significant Variables for Modelling with Coded Units 
From Figure 4-10 it can be seen that Lenth's Pseudo standard error for the time to 
peak is 4.35937 which in turn gives a MOE of 11.21. The only significant variable 
that affects the time to reach the peak pH is flow rate, and that it has a very 
significant effect. 
 
100-10-20-30-40-50-60-70-80
99
95
90
80
70
60
50
40
30
20
10
5
1
Effect
P
e
rc
e
n
t
A SA c/V c
B F low  rate
C air quality
D % fly  ash
E time before exposure
Factor Name
Not Significant
Significant
Effect Type
B
Normal Plot of the Effects
(response is time (peak), Alpha = 0.05)
Lenth's PSE = 4.35937
 
Figure 4-10: Normal plot of the effects (response is the time to peak) 
 
It can be seen for the time to peak's Pareto chart below that while flow rate is the 
only significant effect, the interaction between percentage of fly ash and the time 
before exposure is only just short of being significant and so was also used in the 
small equation using coded units. 
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Figure 4-11: Pareto chart for the response to the time to peak 
 
The main effects plot below shows that all the variables have very small negative 
effects except for flow rate which has a large negative effect and time before 
exposure which has a slight positive effect. The chart shows that for flow rate 
5ml/sec it takes an average of about 93 minutes to reach the peak pH and for the 
flow rate 20ml/sec it takes about 20 minutes. The rate of leaching increases as the 
flow rate increases due to the lower pH maintained in the chamber. Same 
observation was noted in literature review as it was observed that the rate of 
diffusion through the concrete block is dependent on the concentration, therefore an 
increase in flow rate causes a lower concentration which increases the molar flux. 
This causes the peak to be obtained earlier as the material is drawn out faster. The 
time increases for slower flow rates until it reaches about 24 hours in stagnant 
conditions. 
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Figure 4-12: effects of individual parameters on the time to peak pH 
 
The interaction plot in Figure 4-13 shows that the percentage of fly ash and time 
before exposure interact. When there is no fly ash increasing the time before 
exposure increased the time to peak pH but when there is 20% fly ash there was a 
slight decrease instead. This may be due to the pozzolanic reaction causing the time 
to be delayed due to its slower reaction speed and it’s using some of the OH- 
(Neville and Brooks, 2010). Also using PFA replacement material will reduce the 
open void fraction (porosity), (Balendran and Pang, 1995) which according to Fick's 
law will reduce the molar flux, increasing the time it takes material to diffuse through 
the block and by extension leach out into the surrounding water. (Geankoplis, 2003). 
 
The surface area to volume ratio and % fly ash interaction is near significant, and 
would have been significant with at a confidence level of 0.1. The interaction plot 
shows that when the large block is used then nitrogen caused the time to reach the 
peak to decrease while for the smaller block nitrogen caused the time to increase.  
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Figure 4-13: effects of multiple parameters on the time to peak pH 
4.3.2.2. Modelling Using Coded Units 
Table 4-5: Estimated Effects and Coefficients for time to peak for significant and near 
significant parameters 
Term Effect Coefficient 
Constant  55.45 
Flow rate -71.66 -35.83 
%Fly ash * Time Before 
Exposure 
-10.91 -5.45 
 
From the data above a model was produced for the time to reach the peak, the 
model is: 
 
Time to peak = 55.45 - 35.83 * B - 5.45 * D * E....................................(4-5) 
 
Where  
 
 
(76) 
....................................................(4-6) 
 
where max FR = 20 and min FR = 5 
 
....................................(4-7) 
 
Where max(%fly ash) = 20 and min(%fly ash) = 0 
 
.....(4-8) 
 
Where max(time before exposure) = 4 and min(time before exposure) = 1 
 
A chart comparing the model and the experimental results found is below in Figure 
4-14. It appears to be a much better model than for the model for peak pH but this is 
likely because there are few variables that would affect the time to peak. 
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Figure 4-14: comparison of model results to experimental results for the time to peak pH using 
coded units 
 
4.3.2.3. Modelling Using Uncoded Units 
The model using uncoded units is significantly longer than the model for coded units, 
this is due to the inability to get an accurate model using only the significant 
parameters. 
 
The model for uncoded units is: 
 
Equation 4-9: model for time to peak using uncoded units 
 
 
 
 
 
Where: 
(78) 
 A = Surface area to volume ratio of concrete (/m) 
 B = Flow rate of water (ml/sec) 
 C = -1 for air and +1 for nitrogen 
 D = percentage of fly ash in mix 
 E = time before exposure (days) 
 
Once again it should be noted that using all the variables in the model will yield 
similar if not exactly the same results when comparing models using coded and 
uncoded units.  
 
Figure 4-15 below shows the model vs. experimental results for the time to peak. It 
should be noted that the results that are significantly outside of the error lines are for 
the experiments that had the blocks left out in air for a significant amount of time 
before immersion, this is the case as these block are outside of the range used in 
the tests as such it uses extrapolation rather than interpolation, and the further 
outside the range the greater the error involved. 
 
 
Figure 4-15: model vs. experimental results for time to peak 
(79) 
 
4.4. Summary 
Results of the experiments indicated that in almost all experiments peak pH is 
reached between 1/4 hour to 3 hours irrespective of the age of concrete at exposure 
to water, well within the 1 day peak shown for stagnant conditions. The peak pH for 
the conditions used was found to be between 8 and 9.75.  
 
Major factors affecting the peak pH and the time to peak from observation appear to 
be the: 
 
 Surface area to volume ratio, however it is more likely to be the surface area 
alone. 
 flow rate, significant for both 
 
 
 
The models produced for coded units were: 
 
 Peak pH = 8.9720 - 0.2574*(SAC/VC ratio) - 0.3501*(Flow rate) 
 Time to peak pH = 55.45 - 35.83 * (Flow rate) - 5.45 * (% fly ash) * (time 
before exposure) 
 
The model produced for the peak pH proved to be variable while the model for time 
to peak pH has a higher accuracy. The low reliability of the model for peak pH is 
attributed to the surface area to volume ratio interaction with surface area itself. This 
requires more detailed investigations. In continuation of the work, surface area has 
to be an independent variable from the surface area to volume ratio. 
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5. BARRIERS AND THEIR EFFECTIVENESS 
5.1. Introduction 
This chapter presents a summary of results and the observed trends in the testing of 
coated specimens. All the individual test results are presented in appendix 4. Also 
possible sources of error are looked into in this chapter. 
5.2. Results 
The peak pH and time to reach the peak for the coated concrete blocks are 
tabulated below. 
 
Table 5-1: pH peak for coated blocks 
Product Peak pH 
Time to peak pH 
Minutes (hours) 
Control 1 9.7784 53.5 (0.89) 
Control 2 9.8464 67.5 (1.2) 
Masterkure 100WB 9.1025 70.5 (1.175) 
Masterkure 250 XDS 9.0505 135.25 (2.25417) 
Masterkure 404 7.4333 59.5 (0.99167) 
Concure A99 9.2896 54 (0.9) 
 
The effect of barriers when applied to the concrete blocks was shown by plotting the 
pH value against the time for all of the barriers chosen. This can be seen in Figure 
5-1 below. 
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Figure 5-1: pH gain when coated with curing compounds 
 
5.3. Analysis of Results 
Figure 5-1 shows the change of pH of water when the specimen coated with the 
barriers were exposed to water. Three of the barriers examined showed a similar 
reduction of pH peak. 20% for Concure A99, 25-30% for Masterkure 100WB and 
Masterkure 250 XDS. However Masterkure 404 showed a reduction in pH peak of 
84.9%. This is a phenomenal reduction compared to the other 3 curing compounds. 
However one of the constituents of this compound is ammonia. Ammonia can be 
harmful to aquatic life as mentioned by Lentech (2009). Consistency can be seen 
between the tests as the two control specimen were from different batches and were 
tested under the same conditions and it can be observed that they have the similar 
peak, time to peak and trend back to neutral.  
 
Results obtained didn't agree with the trends shown in Figure 2-22 where the wax 
based emulsions were shown to be most effective. Parchem’s concure A99 did show 
the worst results, and Masterkure 404 showed the best, both of these are acrylic 
(82) 
based products. The wax based Masterkure 100WB showed the second worst 
result, yet Figure 2-22 showed that wax based products should have the best 
results, having greater than 90% water retention efficiency. 
 
All but masterkure 100WB prevent leaching of water by forming a polymer 
membrane structure around the outside of the concrete block as the compound 
dries. The Masterkure 404 contains about 10% methyl methacrylate in emulsion. 
Methyl methacrylate is an organic compound with formula CH2=C(CH3)COOCH3, 
and has the structure below. 
 
 
Figure 5-2: structure of MMA monomer 
 
It is a monomer used for the production of poly(methyl methacrylate) which is a 
transparent thermoplastic, also known as plexiglass, lucite and Perspex and is a 
glass replacement material . Less than 10% ammonia is used to help as a solvent. 
Information on the other 80% was not provided in the MSDS but since it is a water 
based curing compound much of it would probably be water. 
 
Masterkure 250XDS is composed of 30-60% polymer resin consisting of a 9 carbon 
monomer, using 10-30% light aliphatic naphtha as a solvent. The chemical structure 
of the monomer is below. (lookchem, 2011) 
 
 
Figure 5-3: molecular structure of Masterkure 250XDS monomer 
 
O 
O 
Br Br 
(83) 
Masterkure 100WB is a wax based emulsion containing <10-30% wax/emulsifier, 
and 10-30% wax. Both the emulsifier and the wax in this product are proprietary 
information. Waxes are a class of chemical that are made up of long alkyl chains that 
are insoluble in water and are malleable near ambient temperatures. 
 
According to Parchem Construction Supplies Pty Ltd, Concure A99 is a liquid acrylic 
emulsion membrane curing compound containing 40% solids and has a water 
retention efficiency of 90% minimum. Neither the trade data sheet nor the MSDS 
provide the acrylics used in this product. 
 
5.4. Comparison to Prior Literature 
The only research found that this can be compared to is Gaitero (2008), where silica 
nanoparticles, especially the CS1 nanoparticles greatly reduced the pore size which 
would reduce the leaching rate, The outcome was comparable to the Masterkure 
404 curing compound in reduction of leaching rate. 
(84) 
6. CONCLUSIONS AND RECOMMENDATIONS 
6.1. Introduction 
The work presented here was aimed at investigating the leaching of alkali from 
concrete structures exposed to waterways. This is a very first research initiative in 
the topic area which revealed some of the major variables affecting the leaching 
behaviour and raised more questions than answers. However, the findings will set 
the scene for a very interesting phenomenon which requires understanding in order 
to minimise pollution of the environment from freshly cast concrete. 
 
This chapter presents major findings of the research work completed and the 
recommendations for future work. 
6.2. Conclusions 
The literature review on leaching of concrete indicated that most of the published 
work focused on effect of leaching on the quality of concrete and they did not 
examine the effect of leaching on the environment. The major variables affecting 
leaching of alkali from concrete structures in contact with water were identified 
through the literature review as: 
 
 Geometry of concrete block 
 Flow rate of water 
 Air quality 
 Time before concrete is exposed to water 
 Composition of water 
 Temperature 
 Concrete mix design 
 Volume of water in contact with concrete 
 
Out of these, five variables were selected for the study reported here. Geometry of 
the concrete block, temperature and quality of water were not taken as variables. 
The review also identified that there is no standard leaching test to examine the 
effect of leaching on pH of water in contact with concrete.  
(85) 
 
The experimental set-up developed in the study comprising of a PVC tank, facility to 
change the air above water, flow meter and a data taker to monitor pH was observed 
to be adequate for the work.  
 
In order to develop a predictive model for change in pH of water, validated from 
experimental results, the theory of design of experiments (DOE) was used. This 
decision was made after observing that the current models available for predicting 
leaching were mainly empirical or a trained expert system based on experimental 
observations.  
 
It was observed that at low flow rates, the peak pH of water could be as high as 9.5 
after a couple of hours of exposure. The change of pH from the beginning of 
exposure vs time showed a parabolic shape with peak pH reached within 1 day from 
the initial exposure. Major variables affecting the peak pH was observed to be the 
flow rate and the surface area to volume ratio of concrete. The major variable 
affecting the time to peak was observed to be the flow rate. Two expressions derived 
from the DOE to predict peak pH and the time to peak are given below. 
 
Peak pH = 8.9720 - 0.2574*A - 0.3501*B..................................................Equation 6.1 
 
Time to peak = 55.45 - 35.83 * B - 5.45 * D * E.........................................Equation 6.2 
 
Where A is the surface area/volume ratio, B is the Flow rate, D is the percentage of 
fly ash, E is the time before exposure in coded units. 
 
Whilst the equation 6.2 appeared to have a good correlation, equation 6.1 didn’t 
appear to predict the results of the validation experiments that well. Closer 
examination of the results indicated that this could be attributed to the total surface 
area being the major variable and not the surface area to volume ratio. This 
hypothesis requires testing through another series of experiments which is currently 
being conducted and beyond the scope of this thesis. 
 
(86) 
Five different chemical compounds normally used as curing agents in concrete were 
tested to examine their effect on reducing the leaching of alkali from concrete. A 
waterborne acrylic emulsion: Mastercure 404 was observed to completely eliminate 
leaching of alkali from concrete if applied prior to exposure to water. 
 
6.3. Recommendations for future work 
The study has demonstrated that the pollution of water from freshly cast concrete 
can be a significant environmental issue. Further understanding of the phenomenon 
will be valuable to the construction industry as well as environmental authorities. 
Following are some suggestions for continuation of the work: 
1. Further experimental work to examine a broader range of key variables 
including ratio of volume of concrete to volume of water, temperature, 
geometry of the structure and the surface area of concrete to volume of water. 
2. Validation of the statistical models using a field study 
3. Development of chemical process model to describe the leaching. 
4. Understanding the effect of durability of concrete structures as a result of 
leaching 
5. Examining the effect of a wider range of concrete mix designs 
6. Examination of the environmental effects of application of barriers and the 
best method of application. 
 
 
 
(87) 
7. References 
ATKINS, P. & PAULA, J. D. 2005. Elements of Physical Chemistry, New York, 
Oxford University Press Inc. 
BALENDRAN, R. V. & PANG, H. W. 1995. Strength development, deformation 
properties and mix design of pulverized fuel ash concrete. Structural Survey, 
13, 5. 
CEMENTAID. 1998. cementaid - Everdure Caltite Proven Ingredient [Online]. 
Cementaid. Available: http://www.cementaid.com/proven.htm [Accessed 
2009]. 
CHO, M. S., SONG, Y. C., KIM, J. K. & JAE, H. L. 2007. Concrete Reinforcing 
Material for Improving Durability of Concrete Structure and Process for 
Preparing the Same. United states patent application 11/519,703. 13/09/2007. 
DANCKWERTS, P. 1970. Gas-Liquid reactions, New York, McGraw-Hill, inc. 
DESIGN, H. R. 2006. Curing of Concrete. Cement Concretes and Aggregates 
Australia. 
DRANSFIELD, J. 2003. Admixtures for concrete, mortar and grout. Advanced 
concrete technology, 1, 4/3 - 4/36. 
DUNSTAN, E. R. 2011. How Does Pozzolanic Reaction Make Concrete "Green"? 
2011 World of Coal Ash (WOCA) Conference. Denver, USA: University of 
Kentucky. 
EVANS, J. 2010. The Effect of Concrete Leaching on the pH of Rivers and Streams. 
Heriot-watt University. 
GAITERO, J. J., CAMPILLO, I. & GUERRERO, A. 2008. Reduction of the calcium 
leaching rate of cement paste by addition of silica nanoparticles. Cement and 
Concrete Research, 38, 1112-1118. 
GEANKOPLIS, C. 2003. Transport Processes and Separation Process Principles, 
Upper saddle river, Prentice Hall Professional Technical Reference. 
GEORGIA_TECH, E. L. C. 1999. Underwater concreting. Available: 
people.ce.gatech.edu/~kkurtis/classpres/uwater/. 
KAMALI, S., MORANVILLE, M. & LECLERCQ, S. 2008. Material and environmental 
parameter effects on the leaching of cement pastes: Experiments and 
modelling. Cement and Concrete Research, 38, 575-585. 
KOSMATKA, S. H., KERKHOFF, B. & PANARESE, W. C. 2003. Design and Control 
of Concrete Mixtures, chicago, Portland Cement Association. 
KUBAL, M. T. 2000. Construction Waterproofing Handbook. McGraw-Hill. 
(88) 
LENNTECH. 2009. Acids and alkalis in freshwater [Online]. Lenntech water 
treatment & purification Holding. Available: 
http://www.lenntech.com/aquatic/acidsalkalis.htm [Accessed 28/3/2011 2011]. 
LENTH, R. V. 1989. Quick and Easy Analysis of Unreplicated Factorials. 
Technometrics, 31, 6. 
LENTH, R. V. 2006. Lenth's Method for the analysis of Unreplicated Experiments. 
Iowa City: University of Iowa. 
LOOKCHEM. 2011. CAS no.68131-77-1, Distillates(petroleum), steam-cracked, 
polymd. Suppliers, MSDS download [Online]. lookchem.com. Available: 
http://www.lookchem.com/cas-681/68131-77-1.html [Accessed]. 
MALHOTRA, V. M. & MEHTA, P. K. 2008. High-Performance, High-Volume fly Ash 
Concrete for building sustainable and durable structures, Ottawa, 
Supplementary Cementing materials for Sustainable Development Inc. 
MEHTA, P. K. 2006. Concrete: Microstructure, Properties and Materials, New York, 
McGraw Hill. 
MONTGOMERY, D. C. 2009. Design and Analysis of Experiments, New York, John 
Wiley & Sons Inc. 
NEVILLE, A. M. 1996. Properties of concrete, Harlow, Pearson Education Limited. 
NEVILLE, A. M. & BROOKS, J. J. 2010. Concrete Technology, Harlow, England, 
Pearson Education Limited. 
SCHIOPU, N., TIRUTA-BARNA, L., JAYR, E., MÉHU, J. & MOSZKOWICZ, P. 2009. 
Modelling and simulation of concrete leaching under outdoor exposure 
conditions. Science of The Total Environment, 407, 1613-1630. 
SCHWOTZER, M., SCHERER, T. & GERDES, A. 2010. Protective or damage 
promoting effect of calcium carbonate layers on the surface of cement based 
materials in aqueous environments. Cement and Concrete Research, 40, 
1410-1418. 
SETUNGE, S., NGUYEN, N., LEE, A. & DUTTON, L. 2009. Leaching of alkali from 
concrete in contact with waterways. Water, Air, and Soil Pollution, 9, 11. 
TIRUTA-BARNA, L. 2008. Using PHREEQC for modelling and simulation of dynamic 
leaching tests and scenarios. Journal of Hazardous Materials, 157, 525-533. 
U.S.G.S. 2011. Cement statistics and information. annual publications. 
VAN DER SLOOT, H. A., VAN ZOMEREN, A., MEEUSSEN, J. C. L., SEIGNETTE, 
P. & BLEIJERVELD, R. 2007. Test method selection, validation against field 
data, and predictive modelling for impact evaluation of stabilised waste 
disposal. Journal of Hazardous Materials, 141, 354-369. 
(89) 
VAN GERVEN, T., MOORS, J., DUTRÉ, V. & VANDECASTEELE, C. 2004. Effect of 
CO2 on leaching from a cement-stabilized MSWI fly ash. Cement and 
Concrete Research, 34, 1103-1109. 
YAO, S. X. & GERWICK, B. C. Underwater Concrete Technologies in Marine 
Construction Projects. Available: 
www.ce.berkeley.edu/~paulmont/165/tremie.pdf. 
 
(90) 
Appendix 1: formation of cement  
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Appendix 2: Leaching tank concept 
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Appendix 3: Experimental program and the summary of results 
experiment date mixed 
date 
performed 
block size 
flow 
rate 
air/ 
nitrogen 
Vw 
days b4 
immersion 
% Fly 
ash 
w/b ratio 
Experimental 
pH 
Model 
pH 
Difference 
1 9/08/2010 10/08/2010 100x100x200 20 N 6.3L 1 0 0.411 9.27 8.68 0.59 
2 9/08/2010 13/08/2010 100x100x200 5 A 6.3L 4 0 0.411 9.70 9.73 -0.03 
3 9/08/2010 4/10/2010 100x100x200 20 N 6.3L 56 0 0.411 9.32 9.52 -0.20 
4 26/08/2010 27/08/2010 100x100x200 20 A 6.3L 1 20 0.366 9.69 8.57 1.12 
5 26/08/2010 30/08/2010 100x100x200 20 N 6.3L 4 20 0.366 9.53 7.00 2.53 
6 26/08/2010 11/10/2010 100x100x200 20 A 6.3L 46 20 0.366 8.54 8.84 -0.30 
7 9/09/2010 10/09/2010 100x100x200 20 A 6.3L 1 0 0.45 9.81 9.38 0.43 
8 9/09/2010 13/09/2010 100x100x200 20 N 6.3L 4 0 0.45 9.37 8.73 0.64 
9 9/09/2010 16/09/2010 100x100x200 5 N 6.3L 7 0 0.45 9.85 9.61 0.24 
10 22/09/2010 23/09/2010 100x100x200 5 A 6.3L 1 0 0.45 10.02 9.79 0.23 
11 22/09/2010 27/09/2010 100x100x200 5 A 6.3L 5 0 0.45 9.89 9.71 0.18 
12 22/09/2010 1/10/2010 100x100x200 10 A 6.3L 9 0 0.45 9.41 9.53 -0.12 
13 20/10/2010 21/10/2010 100x100x200 5 A 6.3L 1 20 0.413 10.01 9.48 0.53 
14 20/10/2010 21/10/2010 100x100x200 20 N 6.3L 1 20 0.413 8.97 6.91 2.06 
15 20/10/2010 1/11/2010 100x100x200 20 A 6.3L 12 20 0.413 8.82 8.64 0.18 
16 20/10/2010 1/11/2010 75x75x150 20 A 7.46L 12 20 0.413 8.83 6.49 2.34 
17 20/10/2010 30/3/2011 75x75x150 20 A 6.3L 161 20 0.413 8.08 9.42 -1.34 
18 20/10/2010 30/3/2011 75x75x150 20 A 6.3L 161 20 0.413 7.55 9.42 -1.87 
19 16/11/2010 17/11/2010 75x75x150 5 N 6.3L 1 20 0.413 9.42 9.58 -0.16 
20 16/11/2010 17/11/2010 75x75x150 20 A 6.3L 1 20 0.413 8.52 8.88 -0.36 
21 16/11/2010 20/11/2010 100x100x200 5 N 6.3L 4 20 0.413 9.52 9.06 0.46 
22 16/11/2010 20/11/2010 100x100x200 20 A 6.3L 4 20 0.413 9.08 8.36 0.72 
23 25/11/2010 26/11/2010 75x75x150 5 A 6.3L 1 0 0.413 9.37 9.58 -0.21 
24 25/11/2010 26/11/2010 100x100x200 5 N 6.3L 1 0 0.413 9.49 9.06 0.43 
25 25/11/2010 29/11/2010 75x75x150 20 A 6.3L 4 0 0.413 8.44 8.88 -0.44 
26 25/11/2010 29/11/2010 100x100x200 20 N 6.3L 4 0 0.413 8.31 8.36 -0.05 
27 1/12/2010 2/12/2010 100x100x200 5 A 6.3L 1 20 0.413 9.46 9.06 0.40 
28 1/12/2010 2/12/2010 100x100x200 20 N 6.3L 1 20 0.413 8.90 8.36 0.54 
29 1/12/2010 5/12/2010 75x75x150 5 A 6.3L 4 20 0.413 8.69 9.58 -0.89 
30 1/12/2010 5/12/2010 75x75x150 20 N 6.3L 4 20 0.413 8.07 8.88 -0.81 
(94) 
experiment date mixed 
date 
performed 
block size 
flow 
rate 
air/ 
nitrogen 
Vw 
days b4 
immersion 
% Fly 
ash 
w/b ratio 
Experimental 
pH 
Model 
pH 
Difference 
31 9/12/2010 10/12/2010 100x100x200 20 A 6.3L 1 0 0.413 9.35 8.36 0.99 
32 9/12/2010 10/12/2010 75x75x150 20 N 6.3L 1 0 0.413 8.31 8.88 -0.57 
33 9/12/2010 13/12/2010 100x100x200 5 A 6.3L 4 0 0.413 9.74 9.06 0.68 
34 9/12/2010 13/12/2010 75x75x150 5 N 6.3L 4 0 0.413 8.90 9.58 -0.68 
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Appendix 4: All the experimental results 
experiment 1 
Parameters Other points 
date mixed 9/08/2010  Time pH Time pH 
Date started 10/08/2010  0.5 9.05   
Block size (SA:V 
ratio) 
100x100x200 
(45/m) 
mm 1 8.94   
volume of water 6.3 Litres 1.08 9.06   
flow rate 20 ml/sec 1.22 8.69   
% fly ash 0 % 2 8.65   
gas nitrogen  4.35 8.36   
time before 
immersion 
1 day 4.65 8.26   
w/b ratio 0.411  5.45 8.14   
   6 8.1   
   6.55 7.97   
Key points 7.05 7.89   
 Time pH 7.8 7.84   
pH = start 0 7.42 8.5 7.82   
pH = peak 0.31 9.27     
pH = 0.75 peak 1.9 8.7025     
pH = 0.5 peak 5.56 8.14     
pH = 0.25 peak N/A 7.5675     
pH = 8 6.5 8     
 
 
Figure A4. 1 
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experiment 2 
Parameters Other points 
date mixed 9/08/2010  Time pH Time pH 
Date started 13/08/2010  0.5 9.44   
Block size (SA:V 
ratio) 
100x100x200 
(45/m) 
mm 1 9.38   
volume of water 6.3 Litres 1.5 9.42   
flow rate 5 ml/sec 1.9 9.52   
% fly ash 0 % 3.25 9.7   
gas air  3.7 9.24   
time before 
immersion 
4 day 4.25 9.29   
w/b ratio 0.411  4.7 9.02   
   11.4 8.99   
   11.7 9.01   
Key points 27.2 8.78   
 Time pH 27.55 8.66   
pH = start 0 6.35 31.05 8.76   
pH = peak 3.25 9.70 51.95 8.09   
pH = 0.75 peak 11.60 9.03 52.1 8.15   
pH = 0.5 peak N/A 8.35 58.25 8.17   
pH = 0.25 peak N/A N/A 58.35 8.16   
pH = 8 N/A N/A     
 
 
Figure A4. 2 
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experiment 3 
Parameters Other points 
date mixed 9/08/2010  Time pH Time pH 
Date started 4/10/2010  1 8.9 19 7.49 
Block size (SA:V 
ratio) 
100x100x200 
(45/m) 
mm 2 8.7 20 7.46 
volume of water 6.3 Litres 3 8.57 21 7.44 
flow rate 20 ml/sec 4 8.47 22 7.44 
% fly ash 0 % 5 8.34   
gas Nitrogen  6 8.3   
time before 
immersion 
56 day 7 8.13   
w/b ratio 0.411  8 8.03   
   9 7.99   
   10 7.9   
Key points 11 7.84   
 
Time 
pH 12 7.81   
low High 
pH = start 0 0 7.3 13 7.73   
pH = peak 0.12 N/A 9.32 14 7.71   
pH = 0.75 peak 1.73 2.40 8.74 15 7.63   
pH = 0.5 peak 6.39 N/A 8.16 16 7.59   
pH = 0.25 peak 16.28 17 7.58 16.65 8.115   
pH = 8 8.81 N/A 8 18 7.51   
 
 
Figure A4. 3 
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experiment 4 
Parameters Other points 
date mixed 26/08/2010  Time pH Time pH 
Date started 27/08/2010  0.5 9.39   
Block size (SA:V 
ratio) 
100x100x200 
(45/m) 
mm 2.5 8.91   
volume of water 6.3 Litres 2.62 8.76   
flow rate 20 ml/sec 2.75 8.88   
% fly ash 20 % 3 8.79   
gas Air  3.3 8.79   
time before 
immersion 
1 day 5.65 8.5   
w/b ratio 0.366  6 8.49   
   7 8.36   
   8.1 8.28   
Key points 8.55 8.24   
 
Time 
pH 9.25 8.17   
low High 
pH = start 0 N/A 7.28 9.55 8.22   
pH = peak 0.21 N/A 9.69     
pH = 0.75 peak 1.01 N/A 9.0175     
pH = 0.5 peak 7.5 N/A 8.35     
pH = 0.25 peak N/A N/A 7.6725     
pH = 8 N/A N/A 8     
 
 
Figure A4. 4 
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experiment 5 
Parameters Other points 
date mixed 26/08/2010  Time pH Time pH 
Date started 30/08/2010  0.5 9.4   
Block size (SA:V 
ratio) 
100x100x200 (45/m) mm 1 9.27   
volume of water 6.3 Litres 1.5 9.1   
flow rate 20 ml/sec 4.25 8.66   
% fly ash 20 % 4.75 8.58   
gas Nitrogen  7.1 8.33   
time before 
immersion 
4 day 7.55 8.26   
w/b ration 0.366  8.35 8.22   
   8.65 8.18   
   9.25 8.12   
Key points 9.55 8.08   
 
Time 
pH     
low High 
pH = start 0 N/A 7.3     
pH = peak 0.15 N/A 9.53     
pH = 0.75 peak 
2.81 
(interpolated 
value) 
N/A 8.8975     
pH = 0.5 peak 7.55 N/A 8.265     
pH = 0.25 peak N/A N/A 7.6325     
pH = 8 N/A N/A 8     
 
 
Figure A4. 5 
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experiment 6 
Parameters Other points 
date mixed 26/08/2010  Time pH Time pH 
Date started 11/10/2010  1 8.43 17 7.2 
Block size (SA:V 
ratio) 
100x100x200 (45/m) mm 2 8.32 18 7.19 
volume of water 6.3 Litres 4 8.05 19 7.16 
flow rate 20 ml/sec 5 7.92 20 7.17 
% fly ash 20 % 6 7.83 20.675 7.15 
gas Air  6.475 7.74 20.76 7.51 
time before 
immersion 
46 day 6.51 8 20.875 7.15 
w/b ratio 0.366  6.58 7.75 21 7.14 
   7 7.73 22 7.13 
   8 7.66   
Key points 9 7.55   
 
Time 
pH 10 7.49   
Low High 
pH = start 0 N/A 6.77 11 7.43   
pH = peak 0.49 N/A 8.54 12 7.37   
pH = 0.75 peak 3.00 N/A 8.155 13 7.31   
pH = 0.5 peak 6.39 7.35 7.77 14 7.34   
pH = 0.25 peak 11.40 12.73 7.385 15 7.26   
pH = 8 4.28 4.48 8 16 7.22   
 
 
Figure A4. 6 
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experiment 7 
Parameters Other points 
date mixed 9/09/2010  Time pH Time pH 
Date started 10/09/2010  1 9.48   
Block size (SA:V 
ratio) 
100x100x200 (45/m) mm 
2 9.22 
  
volume of water 6.3 Litres 3 8.98   
flow rate 20 ml/sec 4.35 8.89   
% fly ash 0 % 4.8 8.85   
gas Air  5.45 8.69   
time before 
immersion 1 day 6 8.68 
  
w/b ratio 0.45  7 8.47   
   8 8.47   
   9 8.29   
Key points     
 
Time 
pH     
low High 
pH = start 0 N/A 7.05     
pH = peak 0.27 N/A 9.81     
pH = 0.75 peak 2.55 N/A 9.1075     
pH = 0.5 peak 8.33 N/A 8.405     
pH = 0.25 peak N/A N/A 7.7025     
pH = 8 N/A N/A 8     
 
 
Figure A4. 7 
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experiment 8 
Parameters Other points 
date mixed 9/09/2010  Time pH Time pH 
Date started 13/09/2010  1 9.11   
Block size (SA:V 
ratio) 
100x100x200 (45/m) mm 
2 8.74 
  
volume of water 6.3 Litres 3 8.6   
flow rate 20 ml/sec 4 8.54   
% fly ash 0 % 5 8.46   
gas Nitrogen  6 8.39   
time before 
immersion 4 
day 
7 8.31 
  
w/b ratio 0.45  8 8.19   
   9.96 8.07   
       
Key points     
 
Time 
pH     
Low High 
pH = start 0 N/A 7.51     
pH = peak 0.30 0.34 9.37     
pH = 0.75 peak 1.51 1.53 8.7775     
pH = 0.5 peak 9 N/A 8.185     
pH = 0.25 peak N/A N/A 7.5925     
pH = 8 N/A N/A 8     
 
 
Figure A4. 8 
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experiment 9 
Parameters Other points 
date mixed 9/09/2010  Time pH Time pH 
Date started 16/09/2010  2 9.6 38 8.38 
Block size (SA:V 
ratio) 
100x100x200 (45/m) mm 4 9.77 40 8.25 
volume of water 6.3 Litres 6 9.4 42 8.27 
flow rate 5 ml/sec 8 9.19 44 8.15 
% fly ash 0 % 10 9.13 46 7.95 
gas Nitrogen  12 9 48 8.29 
time before 
immersion 
7 day 14 9.04 50 8.14 
w/b ratio 0.45  16 8.82 52 7.83 
   18 8.76 54 7.92 
   20 8.77 56 8.06 
Key points 22 8.52 58 8.04 
 
Time 
pH 24 8.5 60 7.9 
Low High 
pH = start 0 N/A 7.67 26 8.69 62 8.02 
pH = peak 3.45 N/A 9.85 28 8.5 64 7.9 
pH = 0.75 peak 8.24 10.14 9.1375 30 8.51 66 7.92 
pH = 0.5 peak 22.34 40.85 8.425 32 8.44 68 7.97 
pH = 0.25 peak 69.33 
Not 
recorded 
7.7125 34 8.1 70 7.86 
pH = 8 42.85 68.50 8 36 8.44   
 
 
Figure A4. 9 
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experiment 10 
Parameters Other points 
date mixed 22/09/2010  Time pH Time pH 
Date started 23/09/2010  2 9.87 38 8.37 
Block size (SA:V 
ratio) 
100x100x200 (45/m) mm 4 9.77 40 8.51 
volume of water 6.3 Litres 6 9.43 44 8.41 
flow rate 5 ml/sec 8 9.45 48 8.07 
% fly ash 0 % 10 9.32 52 8.44 
gas Air  12 8.79 56 8.11 
time before 
immersion 
1 day 14 9.2 60 8.15 
w/b ratio 0.45  16 8.95 64 8.2 
   18 8.96 68 8.03 
   20 8.84 72 8.09 
Key points 22 8.79 76 7.93 
 
Time 
pH 24 8.75 80 7.96 
Low High 
pH = start 0 N/A 6.49 26 8.83 84 7.98 
pH = peak 2.31 N/A 10.033 28 8.59 88 7.97 
pH = 0.75 peak 8.64 15.51 9.27475 30 8.37 92 7.99 
pH = 0.5 peak 26.54 40.06 8.5165 32 8.57   
pH = 0.25 peak 93.26 
Not 
Recorded 
7.75825 34 8.44   
pH = 8 63.45 94.35 8 36 8.46   
 
 
Figure A4. 10 
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experiment 11 
Parameters Other points 
date mixed 22/09/2010  Time pH Time pH 
Date started 27/09/2010  2 9.84 38 8.3 
Block size (SA:V 
ratio) 
100x100x200 (45/m) mm 4 9.49 40 8.32 
volume of water 6.3 Litres 6 9.22 44 8.28 
flow rate 5 ml/sec 8 9.12 48 8.27 
% fly ash 0 % 10 9.18 52 8.14 
gas Air  12 9.02 56 8.19 
time before 
immersion 
5 day 14 8.93 60 8.13 
w/b ratio 0.45  16 8.82 64 8.08 
   18 8.71 68 7.84 
   20 8.78 70.85 7.86 
Key points 22 8.8 71.3 8.4 
 
Time 
pH 24 8.59 72 7.59 
Low High 
pH = start 0 N/A 7.24 26 8.59 72.8 7.9 
pH = peak 1.46 N/A 9.9 28 8.48 76 7.81 
pH = 0.75 peak 6.55 10.37 9.175 30 8.49 80 7.8 
pH = 0.5 peak 23.38 36.85 8.45 32 8.49 84 7.69 
pH = 0.25 peak 77.9 80.38 7.725 34 8.49 88 7.59 
pH = 8 56.56 64.17 8 36 8.49 92 7.58 
 
 
Figure A4. 11 
(106) 
experiment 12 
Parameters Other points 
date mixed 22/09/2010  Time pH Time pH 
Date started 1/10/2010  0.325 9.19 17 7.95 
Block size (SA:V 
ratio) 
100x100x200 (45/m) mm 0.5 9.27 18 7.93 
volume of water 6.3 Litres 1 9.26 19 7.86 
flow rate 10 ml/sec 2 9.01 20 7.83 
% fly ash 0 % 3 8.87 21 7.77 
gas Air  4 8.75 22 7.72 
time before 
immersion 
9 Day 5 8.6 23 7.69 
w/b ratio 0.45  6 8.5 24 7.69 
   7 8.41   
   8 8.38   
Key points 9 8.32   
 
Time 
pH 10 8.26   
Low High 
pH = start 0 N/A 7.22 11 8.21   
pH = peak 0.15 N/A 9.4165 12 8.18   
pH = 0.75 peak 3.24 3.53 8.812375 13 8.05   
pH = 0.5 peak 10.91 12.61 8.20825 14 8.08   
pH = 0.25 peak 26.41 27.72 7.604125 15 8.06   
pH = 8 15.37 15.93 8 16 7.96   
 
 
Figure A4. 12 
 
 
(107) 
experiment 13 
Parameters Other points 
date mixed 20/10/2010  Time pH Time pH 
Date started 21/10/2010  2 9.79 44 8.35 
Block size (SA:V 
ratio) 
100x100x200 (45/m) mm 4 9.6 48 8.26 
volume of water 6.3 Litres 6 9.43 52 8.18 
flow rate 5 ml/sec 8 9.32 56 8.18 
% fly ash 20 % 10 9.21 60 8.1 
gas Air  12 9.12 64 8.13 
time before 
immersion 
1 day 14 9.08 68 7.98 
w/b ratio 0.413  16 8.99 72 7.9 
   18 8.89 76 7.94 
   20 8.84 80 7.83 
Key points 22 8.84 84 7.77 
 
Time 
pH 24 8.67 88 7.79 
Low High 
pH = start   6.77 26 8.72 92 7.74 
pH = peak 1.20 N/A 10.01 28 8.66 96 7.68 
pH = 0.75 peak 8.78 9.49 9.2575 30 8.61 100 7.69 
pH = 0.5 peak 33.39 35.39 8.505 32 8.57   
pH = 0.25 peak 85.67 92.33 7.7525 36 8.43   
pH = 8 65.72 68.48 8 40 8.43   
 
 
Figure A4. 13 
 
(108) 
experiment 14 
Parameters Other points 
date mixed 20/10/2010  Time pH Time pH 
Date started 21/10/2010  1 8.77 19 7.39 
Block size (SA:V 
ratio) 
100x100x200 (45/m) mm 2 8.57 20 7.34 
volume of water 6.3 Litres 3 8.44 21 7.33 
flow rate 20 ml/sec 4 8.32 22 7.32 
% fly ash 20 % 5 8.26 23 7.28 
gas Nitrogen  6 8.11 24 7.24 
time before 
immersion 
1 day 7 8.06 25 7.19 
w/b ratio 0.413  8 7.94 26 7.23 
   9 7.92 27 7.19 
   10 7.82 28 7.11 
Key points 11 7.76 29 7.13 
 
Time 
pH 12 7.7 30 7.09 
Low High 
pH = start 0 N/A 6.71 13 7.64   
pH = peak 0.36 N/A 8.9674 14 7.64   
pH = 0.75 peak 2.89 N/A 8.47555 15 7.53   
pH = 0.5 peak 7.75 N/A 7.9837 16 7.49   
pH = 0.25 peak 15.59 N/A 7.49185 17 7.45   
pH = 8 7.58 N/A 8 18 7.41   
 
 
Figure A4. 14 
(109) 
experiment 15 
Parameters Other points 
date mixed 20/10/2010  Time pH Time pH 
Date started 1/11/2010  1 8.66 19 7.19 
Block size (SA:V 
ratio) 
100x100x200 (45/m) mm 2 8.46 20 7.19 
volume of water 6.3 Litres 3 8.37 21 7.12 
flow rate 20 ml/sec 4 8.28 22 7.12 
% fly ash 20 % 5 8.17 23 7.09 
gas Air  6 8.08   
time before 
immersion 
12 day 7 7.96   
w/b ratio 0.413  8 7.86   
   9 7.73   
   10 7.65   
Key points 11 7.55   
 
Time 
pH 12 7.48   
Low High 
pH = start 0 N/A 7.1 13 7.44   
pH = peak 0.30 N/A 8.817 14 7.39   
pH = 0.75 peak 3.01 N/A 8.36275 15 7.34   
pH = 0.5 peak 7.31 N/A 7.9085 16 7.26   
pH = 0.25 peak 12.2 12.80 7.45425 17 7.24   
pH = 8 6.43 N/A 8 18 7.2   
 
 
Figure A4. 15 
 
 
(110) 
experiment 16 
Parameters Other points 
date mixed 20/10/2010  Time pH Time pH 
Date started 1/11/2010  0.25 8.43 9 7.3 
Block size (SA:V 
ratio) 
75x75x150 (60/m) mm 0.5 8.07 9.5 7.31 
volume of water 7.46 Litres 1 7.93 10 7.29 
flow rate 20 ml/sec 1.5 7.8 10.5 7.25 
% fly ash 20 % 2 7.77 11 7.24 
gas Air  2.5 7.74 11.5 7.24 
time before 
immersion 
12 day 3 7.69 12 7.25 
w/b ratio 0.413  3.5 7.62   
   4 7.58   
   4.5 7.54   
Key points 5 7.53   
 
Time 
pH 5.5 7.46   
Low High 
pH = start 0 N/A 7.86 6 7.43   
pH = peak 0.08 N/A 8.8316 6.5 7.4   
pH = 0.75 peak 0.27 N/A 8.3737 7 7.38   
pH = 0.5 peak 1.17 N/A 7.9158 7.5 7.34   
pH = 0.25 peak 5.31 5.56 7.4579 8 7.34   
pH = 8 0.67 N/A 8 8.5 7.32   
 
 
Figure A4. 16 
(111) 
experiment 17 
Parameters Other points 
date mixed 20/10/2010  Time pH Time pH 
Date started 30/03/2011  0.25 7.55   
Block size (SA:V 
ratio) 
75x75x150 (60/m) mm 0.5 7.39   
volume of water 6.3 Litres 0.75 7.27   
flow rate 20 ml/sec 1 7.22   
% fly ash 20 % 1.25 7.18   
gas Air  1.5 7.16   
time before 
immersion 
161 Day 1.75 7.16   
w/b ratio 0.413  2 7.15   
   2.25 7.13   
   2.5 7.12   
Key points 2.75 7.11   
 
Time 
pH 3 7.11   
Low High 
pH = start 0 N/A 6.89 3.25 7.1   
pH = peak 0.25 N/A 7.5512     
pH = 0.75 peak 0.45 N/A 7.4134     
pH = 0.5 peak 0.74 N/A 7.2756     
pH = 0.25 peak 2.1 N/A 7.1378     
pH = 8 N/R N/R 8     
 
 
Figure A4. 17 
 
(112) 
experiment 18 
Parameters Other points 
date mixed 20/10/2010  Time pH Time pH 
Date started 30/03/2011  0.25 8   
Block size (SA:V 
ratio) 
75x75x150 (60/m) mm 0.5 7.86   
volume of water 6.3 Litres 0.75 7.63   
flow rate 20 ml/sec 1 7.39   
% fly ash 20 % 1.25 7.33   
gas Air  1.5 7.29   
time before 
immersion 
161 day 1.75 7.23   
w/b ratio 0.413  2 7.23   
   2.25 7.24   
   2.5 7.17   
Key points 2.75 7.16   
 
Time 
pH 3 7.13   
Low High 
pH = start 0 N/A 6.73     
pH = peak 0.25 N/A 8.0872     
pH = 0.75 peak 0.53 N/A 7.8154     
pH = 0.5 peak 0.8 N/A 7.5436     
pH = 0.25 peak 1.59 N/A 7.2718     
pH = 8 0.27 N/A 8     
 
 
Figure A4. 18 
(113) 
experiment 19 
Parameters Other points 
date mixed 16/11/2010  Time pH Time pH 
Date started 17/11/2010  2 9.44 36 7.70 
Block size (SA:V 
ratio) 
75x75x150 (60/m) mm 4 8.99 38 7.56 
volume of water 6.3 Litres 6 8.93 39.15 8.10 
flow rate 5 ml/sec 8 8.89 40 7.76 
% fly ash 20 % 10 8.67 42 7.48 
gas Nitrogen  12 8.47 44 7.45 
time before 
immersion 
1 Day 12.87 8.77 46 7.49 
w/b ratio 0.413  14 8.41 48 7.66 
total hydroxide 
leached 
0.002886113 Mol 16 8.26 50 7.42 
 0.020833505  18 8.19 52 7.73 
Key points 20 8.16 54 7.46 
 
Time 
pH 22 8.04 56 7.37 
low High 
pH = start 0 N/A 6.80 24 7.93 58 7.45 
pH = peak 2.83 N/A 9.51 26 7.97 60 7.42 
pH = 0.75 peak 6.04 8.24 8.88 28 7.91   
pH = 0.5 peak 14.85 19.62 8.26 30 7.91   
pH = 0.25 peak 31.12 57.15 7.63 32 7.89   
pH = 8 18.93 29.66 8.00 34 7.77   
 
 
Figure A4. 19 
(114) 
experiment 20 
Parameters Other points 
date mixed 16/11/2010  Time pH Time pH 
Date started 17/11/2010  1 8.27   
Block size (SA:V 
ratio) 
75x75x150 (60/m) mm 2 7.88   
volume of water 6.3 Litres 3 7.64   
flow rate 20 ml/sec 4 7.47   
% fly ash 20 % 5 7.29   
gas Air  6 7.28   
time before 
immersion 
1 day 7 7.2   
w/b ratio 0.413  8 7.18   
total hydroxide 
leached 
0.000769605 mol     
 0.001670017      
Key points     
 Time pH     
pH = start 0 6.71     
pH = peak 0.35 8.52     
pH = 0.75 peak 1.30 8.14     
pH = 0.5 peak 2.44 7.76     
pH = 0.25 peak 4.51 7.38     
pH = 8 1.66 8     
 
 
Figure A4. 20 
(115) 
experiment 21 
Parameters Other points 
date mixed 16/11/2010  Time pH Time pH 
Date started 20/11/2010  2 9.4 38 8.097 
Block size (SA:V 
ratio) 
100x100x200 
(45/m) 
mm 4 9.12 40 8.006 
volume of water 6.3 Litres 6 8.95 42 8.02 
flow rate 5 ml/sec 8 8.76 44 7.87 
% fly ash 20 % 10 8.57 46 7.81 
gas Nitrogen  12 8.58 48 7.68 
time before 
immersion 
4 day 14 8.49 50 7.59 
w/b ratio 0.413  16 8.51 52 7.61 
total hydroxide 
leached 
0.003672383 mol 18 8.42 54 7.52 
   20 8.45 56 7.45 
Key points 22 8.38 58 7.44 
 
Time 
pH 24 8.27 60 7.6 
low High 
pH = start 0 N/A 6.9 26 8.21 60.75 7.36 
pH = peak 2.833 N/A 9.51 28 8.14 64 7.47 
pH = 0.75 peak 6.04 8.24 8.88 30 8.06   
pH = 0.5 peak 14.85 19.62 8.26 32 8.08   
pH = 0.25 peak 31.12 57.15 7.63 34 8.005   
pH = 8 18.93 29.66 8.00 36 8.07   
 
 
Figure A4. 21 
(116) 
experiment 22 
Parameters Other points 
date mixed 16/11/2010  Time pH Time pH 
Date started 20/11/2010  1 8.84   
Block size (SA:V 
ratio) 
100x100x200 
(45/m) 
mm 
2 8.64 
  
volume of water 6.3 Litres 3 8.41   
flow rate 20 ml/sec 4 8.27   
% fly ash 20 % 5 8.14   
gas Air  6 8   
time before 
immersion 4 
Day 
7 7.88 
  
w/b ratio 0.413  8 7.8   
total hydroxide 
leached 0.002160979 
Mol 
9 7.7 
  
   10 7.62   
Key points 11 7.57   
 
Time 
pH 
12 7.48 
  
low High 
pH = start 0 N/A 6.76     
pH = peak 0.32 N/A 9.08     
pH = 0.75 peak 2.45 N/A 8.56     
pH = 0.5 peak 5.64 N/A 8.04     
pH = 0.25 peak 11.81 N/A 7.52     
pH = 8 6.02 N/A 8     
 
 
Figure A4. 22 
(117) 
experiment 23 
Parameters Other points 
date mixed 25/11/2010  Time pH Time pH 
Date started 26/11/2010  1 9.31 25 7.45 
Block size (SA:V 
ratio) 
75x75x150 (60/m) mm 
2 9.23   
volume of water 6.3 Litres 3 8.97   
flow rate 5 ml/sec 5 8.62   
% fly ash 0 % 6 8.44   
gas Air  7 8.34   
time before 
immersion 1 
Day 
8 8.33 
  
w/b ratio 0.413  11 8.05   
total hydroxide 
leached 0.001182184 
Mol 
13 7.94 
  
   14 7.91   
Key points 15 7.79   
 
Time 
pH 
16 7.74 
  
low High 
pH = start 0 N/A 6.72 18 7.56   
pH = peak 1.22 N/A 9.37 19 7.52   
pH = 0.75 peak 4.13 N/A 8.78 20 7.52   
pH = 0.5 peak 8.86 9.95 8.185 22 7.57   
pH = 0.25 peak 17.32 21.26 7.59 23 7.5   
pH = 8 11.98 12.42 8 24 7.41   
 
 
Figure A4. 23 
(118) 
experiment 24 
Parameters Other points 
 25/11/2010  Time pH Time pH 
Date started 26/11/2010  2 9.31 40 7.69 
Block size (SA:V 
ratio) 
100x100x200 
(45/m) 
mm 
4 8.81   
volume of water 6.3 Litres 6 8.57   
flow rate 5 ml/sec 8 8.35   
% fly ash 0 % 10 8.41   
gas Nitrogen  12 8.39   
time before 
immersion 1 
Day 
14 8.26 
  
w/b ratio 0.413  16 8.17   
total hydroxide 
leached 0.001697188 
Mol 
18 8.03 
  
   20 8.01   
Key points 22 7.97   
 
Time 
pH 
26 7.92 
  
Low High 
pH = start 0 N/A 6.77 28 7.79   
pH = peak 1.29 N/A 9.49 30 7.79   
pH = 0.75 peak 3.52 N/A 8.87 32 7.83   
pH = 0.5 peak 9.00 14.21 8.25 34 7.74   
pH = 0.25 peak 38.31 47.43 7.62 36 7.69   
pH = 8 18.57 24.00 8.00 38 7.69   
 
 
Figure A4. 24 
(119) 
experiment 25 
Parameters Other points 
date mixed 25/11/2010  Time pH Time pH 
Date started 29/11/2010  1 8.11 19 7.05 
Block size (SA:V 
ratio) 
75x75x150 (60/m) mm 2 7.88   
volume of water 6.3 Litres 3 7.72   
flow rate 20 ml/sec 4 7.62   
% fly ash 0 % 5 7.53   
gas Air  6 7.45   
time before 
immersion 
4 Day 7 7.4   
w/b ratio 0.413  8 7.32   
total hydroxide 
leached 
0.000153542 Mol 9 7.33   
   10 7.25   
Key points 11 7.16   
 
Time 
pH 12 7.15   
Low High 
pH = start 0 N/A 6.76 13 7.13   
pH = peak 0.29 N/A 8.44 14 7.1   
pH = 0.75 peak 1.05 N/A 8.08 15 7.13   
pH = 0.5 peak 2.97 3.19 7.72 16 7.1   
pH = 0.25 peak 7.05 8.05 7.36 17 7.02   
pH = 8 1.38 N/A 8 18 7.03   
 
 
Figure A4. 25 
(120) 
experiment 26 
Parameters Other points 
date mixed 25/11/2010  Time pH Time pH 
Date started 29/11/2010  1 8.11 19 7.02 
Block size (SA:V 
ratio) 
100x100x200 (45/m) mm 2 7.77   
volume of water 6.3 Litres 3 7.59   
flow rate 20 ml/sec 4 7.41   
% fly ash 0 % 5 7.32   
gas Nitrogen  6 7.28   
time before 
immersion 
4 Day 7 7.24   
w/b ratio 0.413  8 7.19   
total hydroxide 
leached 
0.000114053 Mol 9 7.16   
   10 7.15   
Key points 11 7.13   
 
Time 
pH 12 7.12   
Low High 
pH = start 0 N/A 6.81 13 7.11   
pH = peak 0.475 N/A 8.31 14 7.09   
pH = 0.75 peak 1.25 N/A 7.98 15 7.06   
pH = 0.5 peak 2.63 N/A 7.66 16 7.04   
pH = 0.25 peak 5.00 N/A 7.33 17 7.03   
pH = 8 1.22 N/A 8 18 7.02   
 
 
Figure A4. 26 
(121) 
experiment 27 
Parameters Other points 
date mixed 1/12/2010  Time pH Time pH 
Date started 2/12/2010  2 9.5 36 8.01 
Block size (SA:V 
ratio) 
100x100x200 
(45/m) 
mm 4 9.31 38 8 
volume of water 6.3 Litres 6 9.01 40 7.97 
flow rate 5 ml/sec 8 8.9 42 7.97 
% fly ash 20 % 10 8.74 44 7.92 
gas Air  12 8.59 46 7.83 
time before 
immersion 
1 Day 14 8.59 48 7.73 
w/b ratio 0.413  16 8.52 50 7.76 
total hydroxide 
leached 
0.003914631 Mol 16.625 8.36 52 7.73 
   18 8.56 54 7.68 
Key points 20 8.37 56 7.65 
 
Time 
pH 22 8.22 58 7.66 
Low High 
pH = start 0 N/A 7.29 24 8.29 60 7.59 
pH = peak 2.51 N/A 9.56 26 8.29   
pH = 0.75 peak 6.26 8.24 8.92 28 8.18   
pH = 0.5 peak 21.96 26.30 8.28 30 8.22   
pH = 0.25 peak 54.27 58.09 7.64 32 8.13   
pH = 8 38.08 43.33 8 34 8.09   
 
 
Figure A4. 27 
(122) 
experiment 28 
Parameters Other points 
date mixed 1/12/2010  Time pH Time pH 
Date started 2/12/2010  1 8.6 19 7.12 
Block size (SA:V 
ratio) 
100x100x200 (45/m) mm 
2 8.33 20 7.07 
volume of water 6.3 Litres 3 8.16 22 7.09 
flow rate 20 ml/sec 4 8.01 24 7.04 
% fly ash 20 % 5 7.9 26 7.02 
gas Nitrogen  6 7.8 28 6.97 
time before 
immersion 1 
Day 
7 7.66 30 6.95 
w/b ratio 0.413  8 7.6 32 6.95 
total hydroxide 
leached 0.000825226 
Mol 
9 7.58 34 6.91 
   10 7.49 36 6.89 
Key points 11 7.37 38 6.89 
 
Time 
pH 
12 7.41 40 6.86 Low High 
pH = start 0 N/A 7 13 7.35   
pH = peak 0.25 N/A 8.9 14 7.28   
pH = 0.75 peak 1.63 N/A 8.425 15 7.3   
pH = 0.5 peak 4.60 N/A 7.95 16 7.24   
pH = 0.25 peak 9.76 11.267 7.475 17 7.17   
pH = 8 4.38 N/A 8 18 7.13   
 
 
Figure A4. 28 
(123) 
experiment 29 
Parameters Other points 
date mixed 1/12/2010  Time pH Time pH 
Date started 5/12/2010  2 8.62 36 7.11 
Block size (SA:V 
ratio) 
75x75x150 (60/m) mm 
4 8.41 38 7.08 
volume of water 6.3 Litres 6 8.05 40 7.08 
flow rate 5 ml/sec 8 8 42 7.02 
% fly ash 20 % 10 7.66 44 7.02 
gas Air  12 7.7 46 6.94 
time before 
immersion 4 
Day 
12.44 7.89 48 6.92 
w/b ratio 0.413  14 7.62 50 6.91 
total hydroxide 
leached 0.000326038 
Mol 
16 7.82 52 6.9 
   18 7.51 54 6.88 
Key points 20 7.52 56 6.86 
 
Time 
pH 
22 7.43 58 6.85 low High 
pH = start 0 N/A 7.00 24 7.33 60 6.84 
pH = peak 1.52 N/A 8.69 26 7.29   
pH = 0.75 peak 5.16 N/A 8.2675 28 7.21   
pH = 0.5 peak 9.22 15.92 7.845 30 7.15   
pH = 0.25 peak 20.44 21.78 7.4225 32 7.13   
pH = 8 6.06 8.27 8 34 7.11   
 
 
Figure A4. 29 
(124) 
experiment 30 
Parameters Other points 
date mixed 1/12/2010  Time pH Time pH 
Date started 5/12/2010  0.5 7.97 9.5 6.91 
Block size (SA:V 
ratio) 
75x75x150 (60/m) mm 
1 7.74 10 6.89 
volume of water 6.3 Litres 1.5 7.52   
flow rate 20 ml/sec 2 7.4   
% fly ash 20 % 2.5 7.35   
gas Nitrogen  3 7.24   
time before 
immersion 4 
Day 
3.5 7.15 
  
w/b ratio 0.413  4 7.14   
total hydroxide 
leached 2.43995E-05 
Mol 
4.5 7.1 
  
   5 7.08   
Key points 5.5 7.02   
 
Time 
pH 
6 7.01 
  
Low High 
pH = start 0 N/A 6.64 6.5 6.98   
pH = peak 0.31 N/A 8.07 7 7   
pH = 0.75 peak 0.87 N/A 7.8025 7.5 6.98   
pH = 0.5 peak 1.54 N/A 7.535 8 6.97   
pH = 0.25 peak 2.80 N/A 7.2675 8.5 6.93   
pH = 8 0.46 N/A 8 9 6.91   
 
 
Figure A4. 30 
(125) 
experiment 31 
Parameters Other points 
date mixed 9/12/2010  Time pH Time pH 
Date started 10/12/2010  0.5 9.22 14 7.69 
Block size (SA:V 
ratio) 
100x100x200 
(45/m) 
mm 
1 9.08 15 7.67 
volume of water 6.3 Litres 1.5 8.95 16 7.61 
flow rate 20 ml/sec 2 8.82 17 7.59 
% fly ash 0 % 2.5 8.75 18 7.57 
gas Air  3 8.68 19 7.5 
time before 
immersion 1 
Day 
3.5 8.57 20 7.48 
w/b ratio 0.413  4 8.51   
total hydroxide 
leached 0.002999025 
Mol 
4.5 8.42 
  
   5 8.36   
Key points 6 8.29   
 
Time 
pH 7 8.19   
low High 
pH = start 0 N/A 6.66 8 8.11   
pH = peak 0.24 N/A 9.35 9 8.03   
pH = 0.75 peak 2.45 N/A 8.7625 10 7.92   
pH = 0.5 peak 7.15 N/A 8.175 11 7.92   
pH = 0.25 peak 17.08 N/A 7.5875 12 7.84   
pH = 8 9.71 N/A 8 13 7.77   
 
 
Figure A4. 31 
(126) 
experiment 32 
Parameters Other points 
date mixed 16/11/2010  Time pH Time pH 
Date started 17/11/2010  1 8.12 19 6.97 
Block size (SA:V 
ratio) 
75x75x150 (60/m) mm 
2 7.87 20 6.93 
volume of water 6.3 Litres 3 7.65   
flow rate 5 ml/sec 4 7.47   
% fly ash 20 % 5 7.35   
gas Nitrogen  6 7.28   
time before 
immersion 1 
Day 
7 7.21 
  
w/b ratio 0.413  8 7.13   
total hydroxide 
leached 0.000135839 
Mol 
9 7.16 
  
   10 7.1   
Key points 11 7.07   
 
Time 
pH 
12 7.05 
  
low High 
pH = start 0 N/A 6.69 13 7.02   
pH = peak 0.41 N/A 8.32 14 7.01   
pH = 0.75 peak 1.36 N/A 7.99 15 7   
pH = 0.5 peak 3.19 N/A 7.66 16 6.98   
pH = 0.25 peak 5.46 N/A 7.33 17 6.97   
pH = 8 1.36 N/A 8 18 6.99   
 
 
Figure A4. 32 
(127) 
experiment 33 
Parameters Other points 
date mixed 9/12/2010  Time pH Time pH 
Date started 13/12/2010  2 9.79 36 8.2 
Block size (SA:V 
ratio) 
100x100x200 (45/m) mm 4 9.63 38 8.17 
volume of water 6.3 Litres 6 9.31 40 8.14 
flow rate 5 ml/sec 8 9.13 42 8.13 
% fly ash 0 % 10 8.91 44 8.09 
Gas Air  12 8.79 46 8.09 
time before 
immersion 
4 Day 14 8.65 48 8.05 
w/b ratio 0.413  16 8.61 48.5 8.3 
total hydroxide 
leached 
0.006985189 Mol 18 8.54 50 8.05 
   20 8.41 52 7.86 
Key points 22 8.46 54 7.84 
pH 
Time 
pH 23.21 8.73 56 7.84 
low High 
Start 0 N/A 6.91 24 8.47 58 7.88 
Peak 2.15 N/A 9.89 26 8.41 60 7.87 
0.75 peak 7.38 N/A 9.1675 28 8.21 64 7.84 
0.5 peak 19.55 28.06 8.445 30 8.34 66 7.69 
0.25 peak 64.75 77.43 7.7225 32 8.2 72 7.71 
pH = 8 47.68 50.86 8 34 8.19 76 7.64 
 
 
Figure A4. 33 
(128) 
experiment 34 
Parameters Other points 
date mixed 9/12/2010  Time pH Time pH 
Date started 13/12/2010  2 8.84 38 7.01 
Block size (SA:V 
ratio) 
75x75x150 (60/m) mm 4 8.57 40 7.28 
volume of water 6.3 Litres 6 8.26 42 7.35 
flow rate 5 ml/sec 8 8.08 44 7.25 
% fly ash 0 % 10 8.03 46 7.22 
gas Nitrogen  12 7.84 48 7.14 
time before 
immersion 
4 Day 14 7.73 50 7.07 
w/b ratio 0.413  16 7.62 52 7.21 
total hydroxide 
leached 
0.00052875 Mol 18 7.67 54 7.05 
   20 7.56 56 6.98 
Key points 22 7.49 58 7.06 
 
Time 
pH 24 7.57 60 6.95 
low High 
pH = start 0 N/A 6.68 26 7.45 62 6.92 
pH = peak 2.43 N/A 8.9 28 7.42 64 7.05 
pH = 0.75 peak 4.89 N/A 8.425 30 7.31 66 7.03 
pH = 0.5 peak 8.23 10.43 7.95 32 7.25 68 7.05 
pH = 0.25 peak 15.53 33.06 7.475 34 7.24 70 7.05 
pH = 8 8.2 10.18 8 36 7.33   
 
 
Figure A4. 34 
(129) 
Barrier experiment 1 
Parameters Other points 
date mixed 28/02/2011  Time pH Time pH 
Date started 4/03/2011  2 9.54 38 7.86 
Block size (SA:V 
ratio) 
100x100x200 (45/m) mm 4 9.27 40 7.85 
volume of water 6.3 Litres 6 9.14 42 7.78 
flow rate 5 ml/sec 8 9.06 44 7.72 
% fly ash 0 % 10 8.77 46 7.8 
gas air  12 8.82 48 7.75 
time before 
immersion 
4 Day 14 8.72 50 7.74 
w/b ratio 0.45  16 8.63   
Barrier used none  18 8.61   
   20 8.52   
Key points 22 8.41   
 
Time 
pH 24 8.31   
Low High 
pH = start 0 N/A 6.61 26 8.24   
pH = peak 0.89 N/A 9.7784 28 8.17   
pH = 0.75 peak 5.78 8.8 9.0838 30 8.08   
pH = 0.5 peak 20.69 27.36 8.3892 32 8.13   
pH = 0.25 peak 44.29 50.13 7.6946 34 7.98   
pH = 8 31.42 35.83 8 36 7.93   
 
 
Figure A4. 35 
(130) 
Barrier Experiment 2 
Parameters Other points 
date mixed 28/02/2011  Time pH Time pH 
Date started 4/03/2011  2 8.79 38 7.45 
Block size (SA:V 
ratio) 
100x100x200 (45/m) mm 4 8.46 40 7.37 
volume of water 6.3 Litres 6 8.48 42 7.52 
flow rate 5 ml/sec 8 8.28 44 7.52 
% fly ash 0 % 10 8.11 46 7.46 
gas air  12 8.12 48 7.33 
time before 
immersion 
4 Day 14 8.05 50 7.4 
w/b ratio 0.45  16 7.94   
Barrier used concure A99  18 8.19   
   20 7.77   
Key points 22 7.74   
 
Time 
pH 24 7.73   
low High 
pH = start 0 N/A 6.61 26 7.86   
pH = peak 0.9 N/A 9.2896 28 7.6   
pH = 0.75 peak 2.05 3.55 8.7172 30 7.53   
pH = 0.5 peak 9.21 12.65 8.1448 32 7.53   
pH = 0.25 peak 26.58 34.67 7.5724 34 7.42   
pH = 8 12.68 19.54 8 36 7.5   
 
 
Figure A4. 36 
(131) 
Barrier Experiment 3 
Parameters Other points 
date mixed 3/03/2011  Time pH Time pH 
Date started 7/03/2011  0.325 7.4 16 7.00 
Block size (SA:V 
ratio) 
100x100x200 (45/m) mm 0.5 7.22 17 7.01 
volume of water 6.3 Litres 0.75 7.35 18 7.01 
flow rate 5 ml/sec 1 7.42 19 7.00 
% fly ash 0 % 2 7.23 20 6.99 
gas air  3 7.15 21 7.03 
time before 
immersion 
4 Day 4 7.13 22 6.98 
w/b ratio 0.45  5 7.13 23 6.98 
Barrier used Masterkure 404  6 7.09 24 6.95 
   7 7.05 25 6.94 
Key points 8 7.05   
 
Time 
pH 9 7.03   
low High 
pH = start 0 N/A 6.88 10 7.03   
pH = peak 0.99 N/A 7.4333 11 7.02   
pH = 0.75 peak 1.47 N/A 7.324975 12 7.02   
pH = 0.5 peak 2.03 N/A 7.21665 13 7.02   
pH = 0.25 peak 5.05 N/A 7.108325 14 7.01   
pH = 8 N/R N/R 8 15 7.02   
 
 
Figure A4. 37 
 
(132) 
Barrier Experiment 4 
Parameters Other points 
date mixed 3/03/2011  Time pH Time pH 
Date started 7/03/2011  1 8.96 19 7.82 
Block size (SA:V 
ratio) 
100x100x200 (45/m) mm 2 8.83 20 7.72 
volume of water 6.3 Litres 3 8.68   
flow rate 5 ml/sec 4 8.41   
% fly ash 0 % 5 8.33   
gas air  6 8.33   
time before 
immersion 
4 Day 7 8.28   
w/b ratio 0.45  8 8.17   
Barrier used Masterkure 100WB  9 8.15   
   10 8.18   
Key points 11 8.01   
 
Time 
pH 12 7.79   
low High 
pH = start 0 N/A 6.87 13 7.94   
pH = peak 1.175 N/A 9.1025 14 7.91   
pH = 0.75 peak 2.96 3.77 8.576875 15 7.94   
pH = 0.5 peak 7.84 12.78 8.05125 16 7.84   
pH = 0.25 peak N/R N/R 7.525625 17 7.78   
pH = 8 9.65 13.89 8 18 7.65   
 
 
Figure A4. 38 
(133) 
Barrier Experiment 5 
Parameters Other points 
date mixed 7/03/2011  Time pH Time pH 
Date started 11/03/2011  2 8.87 38 7.24 
Block size (SA:V 
ratio) 
100x100x200 (45/m) mm 4 8.67 40 7.17 
volume of water 6.3 Litres 6 8.46 42 7.14 
flow rate 5 ml/sec 8 8.17 44 7.13 
% fly ash 0 % 10 8.12 46 7.13 
gas air  12 7.99 48 7.07 
time before 
immersion 
4 Day 14 8.01 50 7.08 
w/b ratio 0.45  16 7.62   
Barrier used masterkure 250XDS  18 7.76   
   20 7.72   
Key points 22 7.65   
 
Time 
pH 24 7.61   
Low High 
pH = start 0 N/A 6.49 26 7.52   
pH = peak 2.25 N/A 9.0505 28 7.58   
pH = 0.75 peak 4.65 5.41 8.537875 30 7.34   
pH = 0.5 peak 10.23 14.2 8.02525 32 7.36   
pH = 0.25 peak 24.11 29.05 7.512625 34 7.37   
pH = 8 10.33 14.2 8 36 7.4   
 
 
Figure A4. 39 
(134) 
Barrier Experiment 6 
Parameters Other points 
date mixed 7/03/2011  Time pH Time pH 
Date started 11/03/2011  1 9.75 19 8.54 
Block size (SA:V 
ratio) 
100x100x200 (45/m) mm 2 9.72 20 8.51 
volume of water 6.3 Litres 3 9.63 21 8.51 
flow rate 5 ml/sec 4 9.29 22 8.51 
% fly ash 0 % 5 9.37 23 8.42 
gas air  6 9.14 24 8.45 
time before 
immersion 
4 Day 7 8.99 25 8.34 
w/b ratio 0.45  8 9.11 26 8.38 
Barrier used none  9 8.87 27 8.42 
   10 8.96 28 8.21 
Key points 11 9.1 29 8 
 
Time 
pH 12 8.75 30 7.97 
low High 
pH = start 0 N/A 6.60 13 8.73 31 7.97 
pH = peak 2.429166667 N/A 9.8464 14 8.72 32 7.91 
pH = 0.75 peak 5.89 8.02 9.1348 15 8.74 33 8.15 
pH = 0.5 peak 22.12 25.65 8.4232 16 8.67   
pH = 0.25 peak N/R N/R 7.7116 17 8.59   
pH = 8 28.58 N/R 8 18 8.66   
 
 
Figure A4. 40 
(135) 
Appendix 5: approved curing compounds 
 
(136) 
 
Appendix 6: all the coefficients for the leaching equation 
Coefficients for equation 
  Time to reach peak pH Peak pH 
  Coded units 
Uncoded 
units 
Coded 
units 
Uncoded 
units 
Constant  55.45 120.297 8.972 10.3822 
SAc/Vc A -1.33 -0.53194 -0.2574 -0.0108 
Flow rate B -35.83 -5.62083 -0.3501 -0.01877 
Air quality C -1.08 -34.9115 -0.1074 -0.44838 
% Fly ash D -0.95 -0.01042 -0.0164 0.006436 
Time 
before 
exposure 
E 4.08 12.7083 -0.0164 0.212714 
SAc/Vc * 
Flow rate 
F 1.58 0.028056 -0.1281 -0.00055 
SAc/Vc * 
Air Quality 
G 4.58 0.610417 -0.0307 0.008934 
SAc/Vc * 
% Fly ash 
H 1.2 0.016042 0.067 -0.00031 
SAc/Vc * 
Time 
before 
exposure 
I -0.70 -0.0625 -0.0233 -0.00544 
Flow rate 
* Air 
Quality 
J 2.70 0.360417 -0.0612 -0.01576 
Flow rate 
* % Fly 
ash 
K -0.11 -0.00146 -0.1182 0.000492 
Flow rate 
* Time 
before 
exposure 
L -2.77 -0.24583 0.0369 -0.00168 
Air Quality 
* % Fly 
ash 
M -2.48 -0.24844 -0.0189 0.0129227 
Air Quality 
* time 
before 
exposure 
N -0.14 -0.09375 0.1292 -0.02411 
% Fly ash 
* time 
before 
exposure 
O -5.45 -0.36354 -0.0362 0.00083 
 
 
 
 
(137) 
Values for screening experiments 1-18 
Experiment 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 
Sac/Vc Coded -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 1 1 
Uncoded 45 45 45 45 45 45 45 45 45 45 45 45 45 45 45 45 60 60 
Flow Rate Coded 1 -1 1 1 1 1 1 1 1 -1 -1 -1 -0.33 -1 1 1 1 1 
Uncoded 20 5 20 20 20 20 20 20 20 5 5 5 10 5 20 20 20 20 
air quality Coded 1 -1 1 -1 1 -1 -1 1 1 -1 -1 -1 -1 1 -1 -1 -1 -1 
Uncoded 1 -1 1 -1 1 -1 -1 1 1 -1 -1 -1 -1 1 -1 -1 -1 -1 
% fly ash Coded -1 -1 -1 1 1 1 -1 -1 -1 -1 -1 -1 1 1 1 1 1 1 
Uncoded 0 0 0 20 20 20 0 0 0 0 0 0 20 20 20 20 20 20 
time 
before 
exposure 
Coded -1 1 35.67 -1 1 29 -1 1 3 -1 1.67 4.33 -1 -1 6.33 6.33 105.67 105.67 
Uncoded 1 4 56 1 4 46 1 4 7 1 5 9 1 1 12 12 161 161 
 
Values for experiments 19 - 34 
Experiment 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 
Sac/Vc Coded -1 -1 1 1 -1 1 -1 1 1 1 -1 -1 1 -1 1 -1 
Uncoded 45 45 60 60 45 60 45 60 60 60 45 45 60 45 60 45 
Flow Rate Coded -1 1 -1 1 -1 -1 1 1 -1 1 -1 1 1 1 -1 -1 
Uncoded 5 20 5 20 5 5 20 20 5 20 5 20 20 20 5 5 
air quality Coded 1 -1 1 -1 -1 1 -1 1 -1 1 -1 1 -1 1 -1 1 
Uncoded 1 -1 1 -1 -1 1 -1 1 -1 1 -1 1 -1 1 -1 1 
% fly ash Coded -1 -1 -1 -1 1 1 1 1 -1 -1 -1 -1 1 1 1 1 
Uncoded 0 0 0 0 20 20 20 20 0 0 0 0 20 20 20 20 
time 
before 
exposure 
Coded -1 -1 1 1 -1 -1 1 1 -1 -1 1 1 -1 -1 1 1 
Uncoded 1 1 4 4 1 1 4 4 1 1 4 4 1 1 4 4 
 
 
